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ABSTRACT

Ever since the industrial revolution and expansion of agriculture started to flourish around
200 years ago, we have been raising the concentration of carbon dioxide gas in the global
atmosphere. Levels of greenhouse gases have accelerated because of human activities.
The greenhouse effect is a natural phenomenon that allows our planet to maintain the
essential conditions to harbour life, but high concentrations of greenhouse gases raise
global temperatures and contribute to environmental problems. In order to ease human
life, massive industrialization and vast transportation systems have made immense
contributions to our daily lives, along with dumping enormous amounts of ubiquitous
heat that will be wasted as a great percentage of unexploited energy, contributing to the
rise in global temperature and constantly pushing us to think of alternatives. Several forms
of green renewable energy are currently in operation around world, but none of these are
completely free of mechanical problems and have low maintenance like thermoelectric
devices. The scenario for thermoelectric technologies has changed significantly in recent
times and goes beyond considering their use in spacecraft, low earth orbital satellites, or
other big-ticket applications. They are now also widely being taken into consideration for
a broader range of applications to meet the ever-growing demand for energy in
microelectronics technology.

My Master’s research has included the fabrication of skutterudite based CoSb3
thermoelectric materials, and these have been characterized with respect to a number of
properties, including electrical properties, thermal properties, low temperature physical
properties, and magnetic properties. Density functional theory analysis has been
conducted with the aim of analysing the physics involved.

This thesis contains six chapters: Chapter 1 includes the background and literature review;
Chapter 2 discusses the details of experimental procedures and characterization; Chapter
3 outlines an immense enhancement in electrical conductivity and optimisation of the
CoSb3 framework with suitable weight percentage doping of carbon fibre (CF) to find the
ii | P a g e

highest electrical conductivity profile; Chapter 4 reports on the incorporation of graphene
flakes into the CoSb3 matrix with precise weight quantities, where the lowest quantity
showed a better thermoelectric trend that resembles the “phonon-glass-electron-crystal”
property; Chapter 5 demonstrates enhanced electrical conductivity and optimization of
the CoSb3 framework with suitable weight percentage doping of graphene oxide to find
the highest electrical conductivity profile; and finally, Chapter 6 provides an overview of
all these experiments involving the CoSb3 based framework and summarizes them in
conclusion.

In chapter 3, I have reported significant improvement of and large magnetoresistance in
electrical conductivity through tuning the doping of carbon fibre (CF) into p-type CoSb3
based skutterudite using the spark plasma sintering (SPS) method. The band structure
calculations and structural analysis indicate that that carbon substitution most likely takes
place in the CoSb3 lattice. Full structural characterization was carried out, along with band
energy analysis and assessment of thermoelectric properties for the CoSb3-carbon fibre
(CoSb3-CFx) based polycrystalline samples, where x refers to fraction of carbon addition
by weight. The electrical conductivity was found to be around 1150 S·cm-1 for the sample
with 0.35 wt% carbon fibre which is more than a three-fold improvement as compared to
pristine CoSb3.

In chapter 4, I have demonstrated that there is a better thermoelectric trend for graphene
flakes that have been incorporated into the CoSb3 matrix. This trend resembles the
“phonon-glass-electron-crystal” phenomenon which deals with two approximations: The
first approximation relates to facilitating sufficient carrier mobility like electrons in a
crystal, and the second approximation relates to creating phonon scattering through
specific structural disorder as in a glass. Firstly, enhanced electrical conductivity for the
composite with the lowest weight percentage of graphene flakes was observed, with a
fairly unchanged Seebeck coefficient as compared to bare CoSb3. This trend aligns with
the first approximation of the “phonon-glass-electron-crystal” phenomenon, where high
electrical conductivity and an enhanced Seebeck coefficient are sought to maintain ideal
electronic properties as a good thermoelectric material. Later, reduced thermal
iii | P a g e

conductivity was observed for all the quantities, which supports the latter approximation
and identifies our material as exhibiting ideal thermal properties. Finally, a better figure
of merit has been observed for sample with the lowest quantity of graphene flakes, which
exhibited about 50% improvement at mid temperature with more than 90% improvement
at low temperature as compared to bare CoSb3.

In Chapter 5, I have reported the highest electrical conductivity profile for a suitable
weight percentage doping of graphene oxide. The electrical conductivity profiles for two
different levels of graphene oxide (GO) inclusion have been demonstrated in this work.
Graphene oxide addition in the p-type CoSb3 based skutterudite facilitated the free
movement of numerous carriers across the framework, leading to the attainment of an
enhanced electrical conductivity profile over the temperature range from 300 K to 700 K.
The thermoelectric properties were investigated and compared between different samples
of the CoSb3-GOx series, where a small amount of graphene oxide addition (x = 0.35)
brought enhanced electrical conductivity that that was ~93% improved compared with
bare CoSb3.
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1

Chapter one

Introduction:

Fossil fuels alone will no longer be a viable solution for our constantly escalating demand
for energy in the near future, which significantly includes energy consumption being lost
as waste heat. Thermoelectric devices have opened up new horizons to contribute to the
ever-increasing need for clean energy. Devices made from continuously improved
thermoelectric materials have been gaining much attention, mainly as power generators
or as cooling devices. Power generators allow electrical energy to be harvested from
different renewable/waste heat resources by means of creating a temperature gradient,
while cooling devices involve the absorption or production of heat by the use of current
flowing through a conducting circuit from a provided source. Thermoelectric devices are
gradually regarded as a potential alternative solution, as compared to hydrocarbon-based
fuels, to add energy at the renewable energy generation periphery, despite having some
challenges related to cost and conversion efficiency. The overall performance of
thermoelectric generators (TEGs) - namely, that of the thermoelectric materials that are
fundamental units used to construct TEGs, plays a very important role. Thermoelectric
materials have to have the necessary aptitude to harvest worthwhile energy from heat that
is left-over and unused. Also, thermoelectric generators are very nature-friendly because
they have no rotating parts nor any dangerous working fluid, let alone any toxicity, which
categorises them as very reliable for energy generation with minimum maintenance. It is
notable that an enormous amount of heat is wasted around us from several man-made
sources, heat from the sun’s irradiance leaves more room to be utilised for electricity
generation, and transferring energy over long distances appears to be unviable at times –
leaving us to ponder alternative solutions, when thermoelectric technology emerged in
the right place. At present, owing to high establishment costs and the comparatively low
efficiency of thermoelectric technology, the broad application of thermoelectric devices
is facing impediments for the time being. This plausible restraint, however, does not keep
the essential parameters of thermoelectric materials, reflecting their fundamental physical
properties, from being investigated for research and development. Over and above these
considerations, to extend the use of thermoelectric devices in electricity generation and
cooling applications, more efficient thermoelectric materials need to be identified.
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The studies for this thesis have been focused on bulk thermoelectric materials to achieve
an advanced understanding with the intention of fabricating them by low-cost, timeefficient techniques, and the possibility of commercialization and mass production should
come as a result of this. In addition, investigating the functional properties of essential
thermoelectric parameters such as the atomic structures, transport properties, and
dispersion of nanostructures in skutterudite-based alloys is the specific pinpoint of this
study.

1.1 Explanatory analysis of the literature and technology

1.1.1

Mechanisms of thermoelectricity

Production of electricity is based on the temperature gradient produced in a thermoelectric
material, when charge carriers such as electrons and holes diffuse from the hot end to the
cold end. This trend can be attributed to their high energy in the hot regime 2. As a result,
a potential difference is produced between the two ends (hot end and cold end), and
consequently a voltage and electric current are developed across the material.

1.1.2

Seebeck Effect

A current loop is made up of two conductors in a temperature gradient when
thermoelectric electricity generation is envisioned. These two conductors need to be of
dissimilar kind, so that their Seebeck voltages cannot cancel each other out, which would
result in zero net voltage. A voltage equal to the difference of their respective Seebeck
voltages would be resulted in for two dissimilar conductors.
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Figure 1.1 Seebeck effect of a two leg Seebeck generator, where current is flowing from
the n junction to the p junction. Normally, this type of generator is known as a
thermoelectric generator.
https://sciencestruck.com/seebeck-effect-with-applications
Charged particles such as electrons, holes, or ions are commonly present in various
conductive materials. They experience movement when an electric field is applied, and
conductors exhibits the best example of this. Thermoelectric materials are
semiconductors, and their conducting properties are controlled by applying heat. When
the conductors are placed in temperature gradient, two things can happen- heat is
transferred via lattice vibrations, namely, phonon vibrations, and charge carriers are
migrating from hot end to the cold end. The migration of charge carriers creates a
potential difference across the conductor, resulting in the equilibrium potential difference
known as the Seebeck voltage. When the Seebeck voltage is measured across a one Kelvin
temperature gradient, it is referred to as the Seebeck co-efficient. This thermoelectromotive force was first discovered in 1821 by T. J. Seebeck.
For n-type thermoelectric materials, electrons move from the hot end to the cold end, and
for p-type, holes move from the hot end to cold the end which means that electrons
migrate in the opposite direction

2-3

. These actions happen in a two-leg thermoelectric

generator showed in Figure 1.1.
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The Seebeck coefficient can be characterised by relatively simple models of electron
transport. The Seebeck coefficient for metals and degenerate semiconductors is 4:

𝑆=

2
8𝜋2 𝑘𝐵

3𝑒ℎ2

𝜋 2⁄
3
3𝑛

𝑚∗ 𝑇 ( )

(1.1)

Here,
m*= effective mass
n = carrier concentration
kB = Boltzmann constant
h =Plank’s constant
T = absolute temperature
e = elementary charge

Therefore, S is proportional to the effective mass and temperature, and inversely
proportional to the carrier concentration.

The electrical conductivity (σ) and electrical resistivity (ρ) are related to the carrier
concentration (n), which can be characterised by the carrier mobility µ:
1
𝜌

= 𝜎 = 𝑛𝑒µ

(1.2)

Thermoelectric devices contain both electrons and holes, and therefore, the total electric
conductivity is:

𝜎 = 𝑒(𝑛𝜇𝑒 + 𝑝𝜇ℎ )

(1.3)

𝜇𝑒 = Mobility of electrons.
𝜇ℎ = Mobility of holes.

1.1.3

Peltier Effect

Thermoelectric (TE) devices powered with electricity can be used for cooling or heating
applications. This effect was discovered by J. C. A. Peltier in 1844 when he mentioned
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that thermoelectric devices can convert electricity into a temperature gradient. When the
concept of producing electricity is altered to produce heat, a new effect emerges that is
opposite to the Seebeck effect and commonly referred to as Peltier effect. In this case
direct current is passed through two distinct conductors, resulting in heat liberation in one
junction and heat absorption in the other. The rejection and absorption of heat can be
altered by reversing the direction of current.
Heat is rejected at the other end of the legs when the electrons return to a lower energy
level and the heat is dissipated in a heat sink. The temperature TH of this other junction is
increased (Fig. 1.2).
It only takes a change in the direction of the current to go from one mode to the other.
(Fig. 1.3).
The heat liberation and absorption can be explained by the variation of kinetic energy that
passes across junction between the two materials. Therefore, the Peltier coefficient is the
ratio between heat flow rate (j) and the direct current passing through the circuit.

Qp-n = 𝑗/𝐼
Here, Qp-n is the Peltier coefficient.
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Figure 1.2 Peltier effect (Heating) 1 from two leg thermoelectric generator, where heat is
absorbed at the heat sink side.
There is also another effect that is known as Thomson Effect. It was first observed by W.
Thomson in 1854 as an additional heat dissipation per unit length in a material in excess
of Joule heating while current flows through it.

Figure 1.3 Peltier effect (Cooling) 1 in a two leg thermoelectric generator where heat is
absorbed at the heat sink side.
The effect of Thompson heat is very small, however, compared with joule heating and
often neglected in thermoelectric calculations for a medium temperature gradient,
although the Thomson effect can be substantial for a large temperature gradient.

1.1.4

TE Figure of Merit

A figure of merit is a numerical quantity based on characterization of a system or device
that denotes a measure of efficiency and effectiveness of that device or system. As is well
known physical transport properties determine the performance of a thermoelectric
material in a way that is referred to as a dimensionless thermoelectric figure of merit (zT),
which depends on other thermoelectric parameters that are given below:
𝑧𝑇 =

𝑆2𝜎
𝜅

𝑇

(6)

Here,
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S = Seebeck coefficient,
σ = electrical conductivity,
к = thermal conductivity,
T = absolute temperature.
The equation shows the relationship between each of the thermoelectric parameters. This
dimensionless figure of merit clearly depends on two types of properties - electrical
properties and thermal properties over a temperature gradient. The Seebeck (S) coefficient
and the electrical conductivity (σ) are associated with electrical properties, while the
thermal conductivity (κ) is related to thermal properties. Thermal conductivity has two
parts: the electronic thermal conductivity (𝜅𝑒𝑙 ) and the lattice thermal conductivity (𝜅𝑙𝑎𝑡𝑡 ).
The power factor is defined as PF = S2σ.
Improved zT can be obtained by high σ and large S, which results in a high power factor.
On the contrary, the minimum thermal conductivity, κ, is favourable for maintaining a
large temperature gradient from the hot end to the cold end and can lead to high zT.
Thermal energy is also transported by charge carriers, which increase the electronic
thermal conductivity, while scattering of phonons has an impact on lattice thermal
conductivity. Therefore, the total thermal conductivity stands as,
𝜅 = 𝜅𝑒𝑙 + 𝜅𝑙𝑎𝑡𝑡

(7)

The above equation is referred to as Wiedemann–Franz law. The lattice thermal
conductivity of thermoelectric materials is obtained by subtracting the electronic term
from the total thermal conductivity. The electronic thermal conductivity is further defined
as κel = LσT, where, L is the Lorenz factor. The Lorenz factor is generally used to separate
the electronic 𝜅𝑒𝑙 and lattice 𝜅𝑙𝑎𝑡𝑡 contributions to the thermal conductivity for all
compounds, and it is calculated by using the equation below 5;

𝐿=

7
𝑘𝐵 2 (𝑟+ ⁄2)𝐹𝑟+5⁄2 (𝜉)
( 𝑒 ) [(𝑟+3⁄ )𝐹
2 𝑟+1⁄2 (𝜉)

(𝑟+5⁄2)𝐹𝑟+3⁄ (𝜉)

−(

2

(𝑟+3⁄2)𝐹𝑟+1⁄ (𝜉)

2

) ]

(8)

2

Here,
13 | P a g e

r = scattering parameter,
kB = Boltzmann constant,
e = electron charge,
Fn (𝜉 ) = Fermi integral

The Lorenz number is taken to be 2.45 × 10-8 V2·K-2 for metals and 1.49 × 10-8 V2·K-2
for intrinsic semiconductors. It can vary, however, mostly (1.6 to 2.2 × 10-8 V2·K-2)
depending on the temperature and the material.

1.1.5

Application of the Seebeck effect: power generation

Thermoelectric materials have competitive advantages for powering space missions
(Figure 1.4). Missions are long, and thermoelectric materials have demonstrated
reliability and a very long lifetime. TE materials do not generate any mechanical
vibrations. They can power a satellite for remote missions where solar irradiance might
be insufficient.

Figure

1.4

Diagram

of

RTG

used

on

the

Cassini

probe.

https://en.wikipedia.org/wiki/Radioisotope_thermoelectric_generator#/media/File:Cutdr
awing_of_an_GPHS-RTG.jpg
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For space mission power applications, thermoelectric materials are coupled with a nuclear
heat source and convert this energy into electricity. 44 radioisotope thermoelectric
generators (RTG) have been used in 25 missions by NASA since 1961. RTG incorporates
an array of thermoelectric modules to convert heat from a suitable radioactive material
(decay heat) into electricity by the Seebeck effect. These generators operate with a large
temperature differential, typically 300 K - 1000 K. Thermoelectric materials for power
generation are used for space missions, for example, to study the planet Saturn and its
system, as in the Cassini-Huygens mission. Also, RTGs are currently being developed by
the Jet Propulsion Laboratory at Caltech, CA, USA.

Waste heat recovery from car exhaust is a high volume, low profit market and thus
apparently not a good entry-point for a new technology. There are markets inside the car
market, however, and thermoelectric materials could be successfully introduced in certain
segments such as luxury vehicles, "green" vehicles, and commercial vehicles before
spreading to consumer automobiles.

Figure 1.5 Energy as heat is distributed of Internal Combustion Engine (ICE).
http://heatcalc.com/blog/2017/7/10/heat-recovery-on-the-road-part-1-sizing-up-theopporunity
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A vehicle primarily run by an internal combustion engine (ICE) produces heat from
burning fuel, which mostly comes from effective power mobility, as usable horsepower
accounts for 35%, followed by engine coolant, exhaust and accessories, and friction and
parasitic losses at percentages of 30, 30, and 5, respectively. So, it is easily perceivable
how much energy produced by engine is wasted as heat. A good portion of energy can be
recycled from heat if thermoelectric technology can be incorporated to recover wasted
energy, which, in turn, affects the overall efficiency of the engine. A great deal of research
is currently going on to find suitable thermoelectric material for waste heat recovery. A
General Motors Global Research & Development farm from Detroit, Michigan, USA has
demonstrated the commercial viability of advanced thermoelectric technology for
automotive application. The use of thermoelectric technology will reduce petroleum
usage for transportation by increasing fuel efficiency via waste heat recovery using
advanced thermoelectric technology.

Figure 1.6 Several generation and cooling applications of thermoelectric material, where
a fair portion of ubiquitous waste heat is retrieved into the form of electricity.
https://www.slideshare.net/ut09/thermoelectric-materials-applications/5?smtNoRedir=1
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1.1.6

Figure of Merit in TE materials

Generally, based on their application temperature range, TE materials are categorized as
low, medium, and high temperature thermoelectric materials. A limited number of TE
materials are appropriate for low temperature applications, while other materials are good
at intermediate and high temperatures 6. TE materials suitable at very low temperatures,
4 to 250 K, can be classified as cryogenic temperature range materials. These types of
materials are well known for application in Peltier refrigeration devices. For example,
caesium bismuth telluride (CsBi4Te6) is a p-type alkali-metal bismuth chalcogenide based
material that is widely used for this purpose, which has a zT of 0.87-9. Recently,
researchers have explored new types of cryogenic materials that can be very useful for
power generation in aerospace applications. Iron antimonide (FeSb2) has a marcasite
crystal structure and shows a very large power factor (2300 µW cm-1 k-2) (Seebeck
coefficient: -45000 µV K-1 at 10 K) which is 65-times larger than that of Bi2Te3. Its
drawback is large lattice thermal conductivity, however, so the resulting zT is only 0.005
10

. Near‐room temperature and up to 500 K, chalcogenides are the best‐known TE

materials. Bismuth telluride (Bi2Te3) based materials are mainly investigated for ambient
temperature applications, and they have shown very decent performance with n‐ and p‐
type dopants
xSbTe3

11

. At present, TE modules fabricated from n‐type Bi2Te3 and p‐type Bi2‐

have exhibited conversion efficiencies up to 4 ‐5 %12-13

For the middle temperature range from 500 to 900 K, skutterudites, clathrates, and lead
chalcogenides (lead antimonides, sulphides, and tellurides (LAST)) have shown the best
TE performance14-17. Cobalt antimonide (CoSb3) based skutterudites have demonstrated
the best zT values in the temperature range from 600 to 800 K18-21, although clathrates
and PbTe have shown the best TE performance between 700 and 900 K22-24.
Comparatively, all of these materials are expensive, and their constituents are not earthabundant, which has led to research on an environmentally friendly class of TE materials
known as silicides 25. Magnesium silicides (Mg2Si) as n‐type 26-27 and higher manganese
silicides (MnSix) as p‐type

28

TE compounds are replacing alternatives in these middle

temperature range applications. Metal oxides (e.g. NaCo2O4)

29-32

and half‐Heusler

intermetallic (e.g. Hf0.6Zr0.4NiSn0.98Sb0.02) 33-36 are the other class of TE materials, which
are favourable in high temperature ranges (above 900 K).
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1.1.7

Controversial matters and strategies to improve zT

Figure 1.7 Block diagram of strategies to improve the figure of merit.
In practical experiments, we have seen that if the Seebeck coefficient is increased, the
electrical conductivity goes down, and the thermal conductivity increases. So, the
strategies for obtaining improved zT 1, 10 are given below:
➢ Maximizing the power factor (𝑠 2 𝜎), which includes▪

Optimizing existing materials by carrier concentration tuning

▪

Development of new materials

➢ Minimizing the thermal conductivity, where 𝜅𝑝ℎ (the conductivity) must be
diminished, but not the carrier concentration by
▪

Introducing point defects to scatter the phonons within the cell:
Interstitials, vacancies or alloying

▪

Use of materials with intrinsic close to glass-like thermal conductivity or
materials with complex crystal structures.

▪

1.1.8

Scattering phonons at interfaces by nanostructuring.

Strategy to reduce lattice thermal conductivity (κl):

There are three general strategies to reduce lattice thermal conductivity that have been
successfully used, as shown in the block diagram of Figure 1.7. The first one is to scatter
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phonons within the unit cell by creating rattling structures or point defects such as
interstitials or vacancies, or by alloying (Figure 1.8). The second strategy is to use
complex crystal structures to separate the electron-crystal from the phonon-glass. Here,
the goal is to be able to achieve a phonon glass without disrupting the crystallinity of the
electron-transport region. A third strategy is to scatter phonons at interfaces, leading to
the use of multiphase composites mixed on the nanometre scale. These nanostructured
materials can be made into thin film superlattices (Figure 1.9) or intimately mixed
composite structures (alloys).

a)

Point defects:

Point defects occur where an atom is missing or is in an irregular place in the lattice
structure. Point defects include self-interstitial atoms, interstitial impurity atoms,
substitutional atoms, and vacancies.
▪

A self-interstitial atom is an extra atom that has crowded its way into an interstitial
void in the crystal structure. Self-interstitial atoms occur only in low
concentrations in metals because they distort and highly stress the tightly packed
lattice structure. Here ’crowded’ implies that the extra atom fills a space almost
completely, leaving little or no room for movement, or forms part of a tightly
packed mass around existing atoms, stressing the lattice geometry.

▪

A substitutional impurity atom is an atom of a different type from the bulk atoms,
which has replaced one of the bulk atoms in the lattice. Substitutional impurity
atoms are usually close in size (within approximately 15%) to the bulk atom. One
example of substitutional impurity atoms is the zinc atoms in brass. In brass, zinc
atoms with a radius of 0.133 nm have replaced some of the copper atoms, which
have a radius of 0.128 nm. These are also known as rattling atoms or filling atoms.
There are number of metallic materials in which atoms can make quite extended
oscillations (therefore, low frequencies) around their equilibrium position,
resulting reduced κl, and they are referred to as rattling atoms. Such a situation
particularly occurs in materials in which filling atoms are surrounded by an
oversized "cage structure" of other atoms.

▪

Interstitial impurity atoms are much smaller than the atoms in the bulk matrix.
Interstitial impurity atoms fit into the open space between the bulk atoms of the
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lattice structure. An example of interstitial impurity atoms is the carbon atoms that
are added to iron to make steel. Carbon atoms, with a radius of 0.071 nm, fit nicely
into the open spaces between the larger (0.124 nm) iron atoms.
▪

Vacancies are empty spaces where an atom should be present but is missing. They
are common, especially at high temperatures, at which atoms frequently and
randomly change their positions, leaving behind empty lattice sites. In most cases,
diffusion (mass transport by atomic motion, i.e. movement of substances from a
high concentration area to a low concentration area) can only occur because of
vacancies.

Figure 1.8 Point defect scenario as a guide to the eye.
https://www.ndeed.org/EducationResources/CommunityCollege/Materials/Structure/poi
nt_defects.htm

b)

Superlattice
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Superlattices are typically periodic structure that consist of alternating nano-layers of two
or more materials. For example, alternating layers of AlAs and GaAs make a superlattice
and give a periodic potential.

Figure 1.9 Periodic potential is achieved by a superlattice.
https://en.wikipedia.org/wiki/Superlattice

1.1.9

Complexity to reduce κl (lattice κ) by creating disorder in the unit cell

Introducing point defects creates disorder in the unit cell. The disorder is achieved
through interstitial sites, or partial filling or rattling atoms. and Calthrates materials have
large structure with void spaces inside them. These void spaces can be filled with rattling
atoms. Skutterodites containing elements having low electronegativity such as CoSb3 and
IrSb3 enable high career mobility and therefore good electron-transport property. Strong
bonding and simple ordering, however, leads to high lattice thermal conductivity, which
makes it a challenge to achieve reduced κl in skutterudites and necessitates some strategies
for phonon scattering in the lattice. Doping CoSb3 can be done and/or alloying it either
on the transition metal site (Co) or the antimony (Sb) site, and/or filling the void space
with rare-earth or heavy atoms.
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Partial filling refers to the process where an alloy mixture is created for the purpose of
introducing filling atoms, which is done by creating a slight charge imbalance from the
charge-balanced condition. The charge balance phenomenon stems from the fact that
filling atoms are actually ions, and voids in skutterudite and clathrate materials are usually
filled by these ions (cations for p-type/ anions for n-type). These ions add additional
electrons or holes that must be compensated by cations or anions elsewhere in the crystal
structure for charge balance. Now, interestingly, partial compensation of cations against
filling atom anions or partial compensation of anions against filling atom cations is done
to make the alloy material composition slightly charge-imbalanced. This may be done to
tune 37 (Figure 1.10) the carrier concentration for the overall optimization to improve zT.
In the case of CoSb3, Fe2+is frequently used to substitute for Co3+, moving it slightly off
the charge-balanced condition.

Figure 1.10 The thermal conductivity of CoSb3 is reduced when the electrical conductivity
is optimized by doping (doped CoSb3). The thermal conductivity is further lowered by
alloying on the Co (Ru0.5Pd0.5Sb3) or Sb (FeSb2Te) sites or by the use of filling atoms.
It was recently reported, however, that it is possible to reduce the thermal conductivity
without filling these voids and to enhance the figure of merit by 100%, by using a special
architecture containing nano- and micropores.38
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Another way to improve zT is to use large and complex unit cell. CsBi4Te6 is a good
complex variant of Bi2Te3 with a lower κl than Bi2Te3. There are many ordered complex
telluride available, which could provide much room for further investigation.

1.2 Skutterudites
In the search for novel, promising thermoelectric materials, skutterudites have emerged
as prospective candidates for attaining a dimensionless figure of merit well in excess of
unity. Extraordinary power factors, realistic prospects for a noteworthy reduction of
thermal conductivity, and crystallographic void positions facilitate skutterudites as
efficient hosts for atoms that are inserted into them. The name “skutterudite” originated
from a small mining town in Norway called Skutterud, where CoAs3 had been mined
extensively. The compounds that are identical in structure to CoAs3 were first spotted in
1928 by Oftedal, and they have become known as skutterudites since then. Within less
than a century, they acquired much more attention from the mid-1950s onwards, and
efforts are being made in laboratories worldwide to optimize skutterudite based materials
for achieving high thermoelectric performance.
The unique feature of hosting foreign atoms inside them makes skutterudites special,
because the foreign atoms, known as rattlers, can tremble around the center position
(Figure 1.11). Also, by lengthening their oscillating wavelength, heat carrying phonons
are subject to damping from Einstein modes.

Figure 1.11 Phonon scattering effect in void of a skutterudite.
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Figure 1.12 Skutterudite CoSb3 structure, where the void cages are filled with guest
atoms.
Skutterudites are commonly of a binary kind and have the formula of MX3. Here, M
(transition metal) = Cobalt (Co), Rhodium (Rh), Iridium (Ir); X (Pnictogen) = Phosphorus
(P), Arsenic (As), Antimony (Sb). The choice of CoSb3 is due to voids in the open crystal
structure and because it has higher electron mobility (µe) and higher effective mass (m*)
than alternatives, but it also has higher thermal conductivity (𝜅) and contains eight
pseudo-cubes formed by Co and six squares formed by Sb having a cage size of 1.89 Å
39

or 0.189 nm. The void filing is done by the formula RyMX3 (0≤ 𝑦 ≤ 1), where R =

electropositive element(s): where the electropositive guest atoms donate their valence
electrons (to form covalent bonds) to the electronegative host atoms resulting in a closedvalence shell (Figure 1.12). Filling limits were studied and found to be 𝜒𝑆𝑏 – 𝜒𝑅 > 0.8
40

. As Slack reported, neutral atoms or molecules were suggested as fillers because Nd3+

and Sm3+ in Ir4NdGe3Sb9 and Ir4SmGe3Sb9 have reduced thermal conductivity Compared
to IrSb3 they do not improve the electronic properties, so zT is unchanged 41. Progress is
slower for p-type skutterudites because filling makes them strongly n-type. A
significantly low lattice thermal conductivity was observed in the single-, double-, and
triple-filled skutterudites.
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As an example, the lattice thermal conductivity of the double-filled n-type
BaxLayYbzCo4Sb12 was observed to have an order of magnitude reduction in its lattice
thermal conductivity (~0.9 W·m- ·K-1 at room temperature) compared to CoSb3 and was
shown to have a zT of ~1.4 42, while triple-filled n-type BaxLayYbzCo4Sb12 possessed even
lower lattice thermal conductivity (~0.2 W·m-1·K-) with a zT of ~1.7 43. Progress with ptype skutterudites has been slower, since filling tends to make skutterudites strongly ntype and the best p-type skutterudites have zT  1.

1.3 CoSb3 based research in TE technology:
A high performance thermoelectric material requires a large Seebeck co-efficient, high
electrical conductivity, and low thermal conductivity. The CoSb3 based skutterudites are
among the most promising TE materials because of their moderate band gap and high
carrier mobility. Notwithstanding, CoSb3 has the serious impediment of high thermal
conductivity which makes the zT of undoped CoSb3 low. Since there are voids in the
CoSb3 structure, much research interest has been focused on filling them to manipulate
the crystal structure with intention to reduce the thermal conductivity. Filling atoms
known as rattlers are inserted into the void space, which experiences Einstein-like
vibrational modes

44

, leading to phonon scattering, and thus reduces the thermal

conductivity. Also, the rattler donates electron from its outermost shell into the CoSb3
matrix, which increases the electrical conductivity. Using a nanostructured material
introduces a second phase to form a composite with CoSb3, leading to grain boundary
resistance that results in high thermopower. In this way, multiply filled CoSb3 could
possibly obtain a zT of more than 1.7.

1.3.1

Graphene inclusion in the CoSb3 matrix:

1.3.1.1 p-type CoSb3 45 :
The thermoelectric performance of a bulk material can be enhanced by incorporating
nanostructuring and introducing a secondary phase into the CoSb3 framework. A design
approach has been developed where a small amount of graphene (1.5wt %) is included
with CoSb3 matrix by combining two methods, a solvothermal process (CoSb3/G, where
G is graphene) and hot-pressing the solvothermally synthesized CoSb3/G powder (Cosb3
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+ G). In both methods, graphene inclusion favours the thermoelectric properties,
increased electrical conductivity and thermopower, and reduced lattice thermal
conductivity, thus improving the dimensionless figure of merit zT.

Figure 1.13 Temperature dependence of (a) total thermal conductivity, (b) lattice thermal
conductivity of bulk samples, CoSb3, CoSb3/G and CoSb3 + G.
The solvothermally produced CoSb3/G introduces a secondary phase at the grain
boundaries that suppresses the phonon wavelength by creating grain boundary resistance,
and the composition increases the specific surface area (SSA), which creates many
interfaces to scatter the phonons as shown in Figure 1.13. As graphene is homogeneously
dispersed in the CoSb3 framework, the effect of CoSb3/G is dominant. In contrast, hot
pressing synthesized CoSb3/G powder to produce CoSb3+G introduces thin graphene
flakes into the CoSb3 matrix that are less significant in terms of creating interfaces, even
though the same amount of graphene content exists in both compositions. This also
explains why the lattice thermal conductivity is different between CoSb3+G and CoSb3/G.
These combined factors significantly improved the figure of merit zT by 130% (0.61 at
800 K) as compared to undoped CoSb3 (0.26).

Figure 1.14 Figure of merit zT of bulk samples, CoSb3, CoSb3/G, and CoSb3 + G.
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This work also demonstrated enhanced electrical conductivity from adopting both
techniques, as a result of including graphene synthesized from graphite oxide (GO), so a
relative high mobility could be achieved that contributes to escalating overall mobility in
the CoSb3 matrix. Although increased carrier concentration and mobility have been
demonstrated by including graphene in the CoSb3 matrix, further knowledge is worth
looking for to find out the exact quantum physical mechanisms involved in this composite
framework.

1.3.1.2 Both n-type & p-type CoSb3 46
The lattice thermal conductivity (κl) of skutterudite (SKD) based thermoelectric material
CoSb3, with the inclusion of multi-layer graphene derived from reduced graphene oxide
(rGO), conveniently referred to as SKD/rGO, is improved for both p-type and n-type
CoSb3, followed by CoSb3 based modules. For a module of 8 n-p couples, YbYCo4Sb12/Y
vol% rGO (Y = 0.72) was used as the n-type leg material, and Ce0.85Fe3Co4Sb12/Y vol%
rGO (Y = 1.4) as the p-type leg material. These two types of legs are necessary for current
flow in any thermoelectric device, meaning that this arrangement facilitates the right
Seebeck voltage balance for achieving the best possible thermoelectric performance and
thereby the best device figure of merit. So, it can be said that n number of thermoelectric
materials’ figure of merit (zT) cumulatively provide as a total figure of merit of the device
(ZT) ignoring ohmic path loss and other losses (zT1+zT2+zT3……zTn = ZT).

Figure 1.15 Schematics of a simplified thermoelectric cooler/heater/generator.
https://3dwarehouse.sketchup.com/model/c963e52cc2b38b90cfcbfe7c7af95a4e/Thermo
electric-module-Peltier-cooler?hl=sv
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Grain boundary (GB) complexities: interfaces, grain boundaries, and heterophase
boundaries act differently in two-dimensional (2D) materials as compared to threedimensional (3D) (Figure 1.15) ones and graphene as a 2D material has a minimum effect
on electron transport but contributes phonon scattering. As a part of grain boundary
engineering to further reduce the lattice thermal conductivity, a 3-dimensional graphene
network has been proposed in the literature, which is derived from hydrophilic graphene
oxide (GO) because this type of GO can easily be dispersed in water. The hydrophilic
choice of GO is prudent since homogeneous dispersion of GO in wet chemical process is
hard to achieve, as was previously claimed in Feng’s work

45

, although the author

provided an indication for further gaining an in-depth mechanistic understanding of grain
boundary engineering.
It was observed that zT of a p-type sample increases with temperature, followed by a
slump after reaching a peak at 700 K, which is attributed to a dramatic escalation of
thermal conductivity above 650 K due to a bipolar effect. the p-type sample with rGO
content, y = 1.4 reached a peak zT of 1.06 at 700 K, while the n-type sample attained a
peak zT of 1.51 at 850 K.

Figure 1.16 Temperature dependence of κtot for Ce0.85Fe3Co4Sb12 with varying amounts
of rGO.
This report, for the first time, proposed a module that was entirely made from skutterudite
based materials and also demonstrated performance improvement for the CoSb3 based
rGO nanocomposite (Figure 1.16). The measured efficiency (8.4%) is among the highest
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by far of all reported values, both for CoSb3 based modules as well as other TE material
systems.

Figure 1.17 Temperature dependence of zT for Ce0.85Fe3Co4Sb12/y vol% rGO (y = 0, 0.56,
1.4, 2.8) samples from 300–800 K and Yb0.27Co4Sb12/y vol% (y = 0, 0.72) samples from
300–850 K.
Multilayer graphene inclusion in the grain boundaries of CoSb3 significantly increases
GB resistance while making the 3D rGO network thin enough to reduce κl, while keeping
the electronic properties essentially invariable, which leads to improved zT for both types
of samples as well as CoSb3 based TE modules (Figure 1.17).

1.3.2

Magnetic inclusion in multi-filled CoSb3 based nanocomposite:

1.3.2.1 Cobalt inclusion in Ba-filled CoSb3 (xCo/Ba0.3In0.3Co4Sb12) 47
A nanostructuring methodology was implemented in the grain boundaries of
Ba0.3In0.3Co4Sb12 matrix by introducing Co nanoparticles 5-10 nm in diameter. On top of
that, by taking advantages of the magnetism of the soft magnetic material. three kinds of
thermo-electro-magnetic effects were utilised to achieve control over both the phonon
wavelength and the electronic properties of the magnetic nanocomposite (MNC) TE
material. A previous perception of having magnetic impurities, thought to be limiting the
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development of magnetic nanocomposite (MNC) thermoelectric material materials,
began with the traditional concept by providing pathways to manipulate electron and
phonon transport.
Co shows strong ferromagnetism at room temperature, but it has its blocking temperature
of the magnetic transition from ferromagnetism to paramagnetism, which is around 442
K for nanoparticles with the largest diameter of 10 nm. Therefore, Co nanoparticles that
are embedded in the matrix remain ferromagnetic below 442 K and proceed to the
superparamagnetic state over 442 K.

Figure 1.18 Zero-field-cooling and field-cooling magnetization versus temperature (M–
T) plots for Co nanoparticles with diameters of 5–10 nm. The dashed line at 442 K shows
the blocking temperature (TB) of the superparamagnetic transition.
The ideal concept adopted in this report is the magnetic transition from ferromagnetism
to paramagnetism in xCo/Ba0.3In0.3Co4Sb12 within the temperature range from 300 K to
850 K. The undoped Ba-filled CoSb3 exhibits paramagnetism by avoiding Fe
contamination. As the matrix was doped with a tiny percentage of Co, paramagnetism
started to develop after 442 K, indicating a transition from ferromagnetism to
paramagnetism (Figure 1.18).
Owing to Co inclusion, firstly, the Ba-filled CoSb3 matrix experienced charge transfer of
4s electrons from the Co nanoparticle ohmic contact resistance built between the interface
of the metal and the semiconductor. Later, a single scattering event in a centre for electron
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and phonon transport advances into multiple scattering event (Figure 1.19) as the
magnetic transition moves into the superparamagnetic state. This is because of the
random reorientation of the magnetic moment in the superparamagnetic state. Finally, the
random reorientation of magnetic domains of Co nanoparticles escalates the phonon
scattering, adding to the effect of increased nanostructures and leading to low lattice
thermal conductivity.

Figure 1.20 Multiple scattering of electrons (indicated by the small red dashed arrows) as
a result of the random reorientation of magnetic domains (indicated by the small purple
dashed arrows) within the superparamagnetic Co nanoparticles.

Figure 1.19 Total thermal conductivity with lattice thermal conductivity in the inset (a)
and zT (b) for xCo/Ba0.3In0.3Co4Sb12.
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The maximum zT value of 1.8 was attained at 850 K for 0.2% Co nanoparticle inclusion
in the Ba-filled CoSb3 (MNC02) (Figure 1.20).

1.3.2.2 Barium ferrite nanoparticle (BaM-NPs) inclusion in Ba-filled CoSb3
(xBaM/Ba0.3In0.3Co4Sb12) 48
Performance deterioration in the intrinsic excitation region is one of the challenges that
needs to be overcome. In this report, Zhao’s group tried a number of methods to improve
zT by introducing barium ferrite nanoparticles (BaM-NPs) into the Ba0.3In0.3Co4Sb12
framework, utilizing the magnetic transition and producing a magnetoelectric effect.
Also,

X-ray

photoelectron

spectra

(XPS)

and

Raman

peak

analysis

of

xBaM/Ba0.3In0.3Co4Sb12 confirmed that there was no effect on the electronic structure as
well as the symmetry of the crystal structure (Figure 1.21 & 1.22).

Figure 1.21 Raman spectra of MNC samples, with no shift detectable in the crystal
structure.

Figure 1.22 XPS spectra, with no shift observed in the electronic structure.
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The inclusion of BaM-NPs produces rough interfaces in the matrix that are favourable to
phonon scattering. It was observed from the temperature dependence of the TE
parameters in the range 300-850 K that ~675 K is the intrinsic excitation temperature.
because at and beyond this temperature, the electronic and phonon properties behaved
quite differently. The author encouraged further acquisition of knowledge, however, on
the different temperature behaviour of parameters relevant to electrical transport
properties.
A dramatic reduction in lattice thermal conductivity (κl) was observed in the temperature
range from 300-675 K owing to increased lattice vibrations, followed by a slight rise
beyond 675 K, which is attributable to thermal transport in the magnetic nanocomposite
(MNC), since it is affected by the bipolar effect in the intrinsic excitation region. This
time, however, κl had less impact rather than the electronic thermal conductivity κe (Figure
1.23). On comparing bare Ba0.3In0.3Co4Sb12 (MNC00) and 0.35BaM/Ba0.3In0.3Co4Sb12
(MNC35), values of κl were found to be the same as for values of κe at the maximum zT.

Figure 1.23 (a) Carrier thermal conductivity κe, (b) lattice thermal conductivity κl.

Table 1.1 Electric and thermal transport properties of MNC00 and MNC35 at zTmax.
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zT was found to be more than 1.52 in the temperature range from 675-850 K, however,
where the peak of 1.8 was attained at 850 K, and this sustainability of high values of zT
above 675 K did not arise from the slump in κl, but stemmed from the significant reduction
of κe with reduced electrical conductivity (Figure 1.24).

Figure 1.24 Figure of merit for Ba filled CoSb3 with different dopants over the
temperature range from 300 to 850 K.
Another mechanism that plays a role is the transition from ferromagnetism to
paramagnetism when the working temperature (Tw) is higher than the Curie temperature
(TC) where the TC is found to be about 669-673 K for different magnetic field intensities,
which is very close to the intrinsic excitation temperature of the Ba0.3In0.3Co4Sb12 matrix
(about 675 K). On the one hand, when Tw < TC, the BaM-NPs are in the ferromagnetic
state, thus producing a non-uniform spherical magnetic field, which traps electrons due
to electron spin. On the other hand, when Tw > TC, the BaM-NPs enter into the
paramagnetic state, and the spherical magnetic field disappears, thus releasing the trapped
electrons. This phenomenological matter is referred to as an ‘Electron Repository’, which
is confirmed by a significant increase in the carrier concentration (n) of MNC
(xBaM/Ba0.3In0.3Co4Sb12). Besides the electron-phonon interaction, an electron-magnon
49

interaction occurs that increases the thermopower of the MNC (Figure 1.25).
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Figure 1.25 Curie temperature of BaM-NPs. Temperature dependence of the
magnetization M of BaM-NPs under magnetic fields of 0.6 and 2.0 T in the temperature
range of 300–800 K. Inset: The TC of BaM-NPs is ∼669 K under 0.6 T and ∼673 K under
2.0 T.
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1.3.3

Comparison between the different thermoelectric parameters of CoSb3
based skutterudites and the trend over recent times:

1.3.3.1 E. Conductivity and Seebeck coefficient of CoSb3 for different dopants:

Figure 1.26 Electrical conductivity of various CoSb3 based compounds with different
dopants.
Figure 1.26 shows the electrical conductivity of various CoSb3 compounds with different
dopants. The key is given below in the table. Each curve presented in the figure has a
distinct indicator and colour, which is the same from Figure 1.26 to Figure 1.31.

Indicator

Description

Reference

(a)

Ce0.17CoSb3

50

(b)

YbxGazCo4Sb12-z/3

51

(c)

CoSb3-y-xMyTex

52
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(d)

CoSb2.75Ge0.25–xTex

53

(e)

In(0<=x<=0.3)Co4Sb12

54

(f)

Ga0.2In0.30Co4Sb12

55

(g)

(Sr,Ba,Yb)yCo4Sb12 + x wt.% In0.4Co4Sb12

56

(h)

xCo-Ba0.3In0.3Co4Sb12

47

(i)

Ba0.3In0.3Co4Sb12

47

(j)

Ba0.08La0.05TYb0.04Co4Sb12

43

(k)

xBaM-Ba0.3In0.3Co4Sb12

48

(l)

CoSb3

45

Table 1.2 Key to indicators.
Electrical conductivity and thermal conductivity are the main parameters that need to be
taken into account when tuning figure of merit (zT) to make the thermoelectric material
highly efficient. It does not seem that simple, however, because, while these must be high
required o obtain high electrical conductivity and, therefore, a high Seebeck coefficient
for an enhanced figure of merit, other parameters, are inversely proportional to zT leading
to complex optimization between the parameters.
The approach of Ref. 53 was based on using different filling fractions of cerium (Ce) in
CoSb3, resulting in better electrical resistivity and a better Seebeck coefficient 50. Ce is
an abundant rare earth element, which was used as the single filling element inside CoSb3,
which most effectively increased the electrical conductivity and thermopower with a
filling fraction of Ce-0.17 wt%.
In Ref. 54, band engineering was employed along with doping gallium (Ga) onto
antimony (Sb) sites, which contributed to void filling within the cage structure of CoSb3
at the same time 51. This dual feature of Ga broke the symmetry of the Sb-Sb network by
breaking its conduction band structure into degenerate conduction bands that moved
further below the band edge. Also, an appropriate addition of Yb content into the material,
together with the aforementioned exceptional band engineering, moved the Fermi level
towards the right energetic proximity for carrier transportation, which facilitated higher
electrical conductivity and an increased Seebeck coefficient.
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Ref. 55 used a different approach. where the changes in electrical conductivity and the
Seebeck coefficient were outperformed by the lower thermal conductivity achieved by
with doping IVA elements (Si, Ge, Sn, Pb) 52, which is discussed in the next section.
Tellurium (Te) and Germanium (Ge) were doped into Sb sites in Ref. 56, resulting in
increased electrical conductivity with increasing Te content but a reduced Seebeck
coefficient 53. Also, the authors mentioned that the Seebeck coefficient could be increased
if the magnitudes of the Te and Ge contents were similar.

Figure 1.27 Seebeck coefficient vs. temperature for n- and p-type CoSb3 based
compounds with different dopants.
Better electronic properties are reported in Ref. 57 for indium (In) doped Co4Sb12 with a
solubility limit of around In-0.22 wt%

54

. As the solubility factor is increased, the

electrical conductivity and Seebeck coefficient rise. but the best increasing trend for both
of them was found to be in the sample with In-0.22 wt% for the best thermoelectric
performance for this compound (In(0 ≤ x ≤ 0.3)Co4Sb12).
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The thermoelectric property of CoSb3 is enhanced by doping with Ga and In

55

in their

several nominal compositions. The void in the CoSb3 were filled by In, which increased
the carrier concentration but decreased carrier mobility, leading to a high power factor.
Notably, the power factor is the product of the square of the thermopower and the
electrical conductivity; so, the effect of the thermopower is dominant one, which appears
to outperform the electrical conductivity for obtaining a high power factor.
(Sr,Ba,Yb)yCo4Sb12 is a formula used for skutterudites with enhanced thermoelectric
property56. Three approaches have been adopted to optimize the parameters. Among them
it can be inferred that as In enters into the icosahedral voids of CoSb3, the electrical
conductivity is reduced, and the thermopower is increased. After a high-energy ball
milling (HB) process, however, the samples were found to have uniform tiny particles,
with the grain size equal to those of the associated crystallites, resulting in a high power
factor. This time also, the contribution of the Seebeck coefficient was found to be
dominant due to its two-fold increment, as it experienced an increased amount of
electrical resistance due to In insertion into the skutterudite cages.
Magnetic nanoparticle inclusion in the CoSb3 framework is a novel approach for tuning
the electronic properties and enhancing the zT. BaFe12O19 nanoparticles were embedded
in the Ba0.3In0.3Co4Sb12 matrix to produce a magnetic nanocomposite thermoelectric
material that showed superparamagnetic behaviour when the blocking temperature of 442
K was exceeded. This behaviour opens up a new horizon to enhance the thermo-electronic
properties of a TE material. Owing to the magnetic inclusion, charge transfer occurred in
the Ba0.3In0.3Co4Sb12 framework so as to increase the carrier concentration. Not only did
the fact of magnetic inclusion push the electrical charges, but also the transition from
ferromagnetism to superparamagnetism beyond 442 K, which caused a dramatic increase
in the carrier concentration without changing the band structure. Here, 0.2% cobalt doped
into the Ba0.3In0.3Co4Sb12 matrix (MNC02) resulted in outstanding enhancement of the
overall thermoelectric performance.
Another work from the same group

48

demonstrated the same phenomena but with a

different type of permanent magnetic inclusion, which was referred to as M-type barium
ferrite, BaFe12O19, nanoparticles (BaM-NPs) with filled CoSb3. Performance
deterioration was suppressed in the intrinsic excitation region by means of a magnetic
transition from ferromagnetism to superparamagnetism. Here, the technique of trapping
39 | P a g e

electrons below the Curie temperature (TC), followed by releasing them above TC, was
utilised, which is commonly referred to by the term ‘Electron Repository’. This facilitates
the acquisition of more thermal benefits to enhance TE performance, while leaving the
electronic benefit more or less the same, as demonstrated in their previous work. The
figures in the above work for the electrical conductivity and Seebeck coefficient showed
substantially the same trend for the electronic properties.
Ref. 46 demonstrated and exploited the benefit of adding from single to multiple fillers
into the CoSb3 matrix

43

. This idea was implemented with an intelligent combination of

multiple fillers having different charge states and phonon vibrating. This approach
enabled performance optimization through occupancy by more than one guest filler,
leading to a high power factor, because the carrier concentration can be handled easily by
making adjustments to the filling fraction. Also, this work offered a great many
thermoelectric benefits, so that it could participate in and contribute to the overall
thermoelectric efficiency.
This critical review was based on doped CoSb3, which consisted of either single-filled or
multiple-filled frameworks, with following works involving the control of their filling
fraction, while some of them included magnetism to enhance their thermal and electronic
behaviour. Should we wonder on what basis these comparisons came to be? Yes, all of
the trends in the thermoelectric parameters of CoSb3 as skutterudite were brought forth
on the basis of undoped or bare CoSb3. There is a considerable literature on bare CoSb3,
almost all of these works show more or less the same thermoelectric trends over a range
of temperatures. This paper
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, has been selected especially as a reference for showing

and comparing the thermoelectric properties of bare CoSb3, so that performance
improvement from the electrical conductivity and the Seebeck coefficient can easily be
observed. Additionally, this literature showed 30% more improvement compared to bare
CoSb3 by doping with graphene to form nanocomposites, but the focus of this work only
touches on undoped or bare CoSb3 for a brief comparison with doped types.

1.3.3.2 Thermal conductivity and zT of CoSb3 with different dopants:
Like other parameters in the above-mentioned discussion, the thermal conductivity plays
significant role in heightening the overall dimensionless figure of merit of a
thermoelectric material. In the search for a lower thermal conductivity, a cascade of
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experiments was conducted to achieve ‘phonon glass electron crystal’-like behaviour,
since phonon glass leads to making the thermal conductivity as low as possible, where
skutterudites distinguished themselves as a perfect candidates by possessing internal cage
structures. Figure 1.28 gives an overview of thermal conductivity of CoSb3 with different
dopant.
Snyder’s group deduced

50

that by solubility design through a phase diagram approach,

increasing filing fraction limit (FLL) in the CexCo4Sb12 framework can effectively
increase the amount that was reported previously by as much as twice. Cerium (Ce) is a
low cost, earth-abundant material and considered as a temperature independent quantity
when used as a filler. In this work, Ce contents of 0.17 and 0.18 showed the lowest thermal
conductivity and therefore, high zT.

Figure 1.28 Thermal conductivity of CoSb3 with different dopants.
Band structure engineering is approached in 51 this literature by substituting Ga onto Sb
sites, which also fills the voids in the Co4Sb12. This substitution interfered with phonon
vibrations and dispersed the phonon frequency to some longer wavelength. The lowered
thermal conductivity was at its best when the filling fraction of gallium was 0.20 with
optimum Yb content. Here, increasing the carrier concentration dealt with Yb content by
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obstructing the phonon scattering mechanism, resulting in the two-fold benefit of
increasing the electrical conductivity as well as lowering the thermal conductivity,
leading to high zT. The band structure engineering shown in Figure 1.29 was

Figure 1.29 Band structures from first-principles calculations for (a) Co4Sb12, (b)
Yb0.25Co4Sb12, and (c) Yb0.25Ga0.25Co4Sb11.875Ga0.125 with zero points indicated as the
Fermi level.
accomplished by reducing the gap between the valence band and the conduction band
using first-principles band structure calculations. The figure below compares Co4Sb12 and
Yb0.25Co4Sb12 with a demonstration of shrinking the band gaps, especially to bring the
conduction band closer to the Fermi level.
In connection with the previously mentioned band structure, here in this report,

57

the

band structures of bare CoSb3 and single-filled CoSb3 are shown in Figure 1.30. Both
band diagrams were obtained from first-principles band structure calculations. It can be
observed that Fermi level shifted when the filler was inserted making the energy gap to
disappear, being overlapped between the valence band (VB) and the conduction band
(CB), as compared to bare CoSb3 with an energy gap providing semiconducting
behaviour. The filler atoms were metallic cations, however, and they form weak ionic
bonds with the surrounding Sb atoms giving CoSb3 a likely “electron crystal” feature.
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Figure 1.30 Band structures of (a) pure CoSb3 and (b) K-filled CoSb3 around their Fermi
levels (set at zero).
To enhance the overall performance of skutterudite based thermoelectric materials, group
IVB elements, such as Si, Ge, Sn, and Pb, were substituted into Sb sites in a CoSb 3-xTex
matrix, where Ge and Sn found their way into the voids. Since Ge and Si entered into the
cages, they

52

had an impact on the phonon wavelengths by scattering their vibrations.

Also, nano-dots and smooth grains in the nanostructures participated in reducing the
thermal conductivity.
In Ref. 56, two Sb atoms were replaced by Ge and Te in suitable interdependent fractions
in the skutterudites as in CoSb2.75Ge0.25-xTex, where x = 0.125-0.20 53. This substitution
obstructed heat-carrying phonon vibrations by disrupting the structure pf the pnictogen
rings because the vibrations of phonon can be influenced by these rings, yielding lower
values of lattice thermal conductivity. Also, nanostructuring along with point-defect
scattering reduced the thermal conductivity. For CoSb2.75Ge0.05Te0.20, the dimensionless
figure of merit reached 1.1 at 800 K, which is a competitive candidate for n-type
skutterudites.
A thermoelectric figure of merit of more than 1 was achieved in Ref. 57 by filling the
voids of Co4Sb12 with indium (In) 54. A polycrystalline sample was prepared by solid state
reaction and a solubility limit for Indium equal to or more than 0.2 yielded enhanced zT
at 575 K for n-type InxCo4Sb12.
This work is a kind of opposite approach as compared to when Ge and Te were substituted
onto Sb sites to affect the pnictogen ring structure, as mentioned in the discussion above.
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Figure 1.31 Figure of merit of CoSb3 with different dopants.
In Ref. 58, this research group also included Ga and Indium (In) in instead of Te, not as
a substitution on Sb site but as a filler into the CoSb3 skutterudites 55. Filling them (Ge
and In) as rattlers partially contributed to filling the voids, although most of them also
precipitated around the grain boundaries (GBs) as nanoparticles. Together, these effects
lessened the thermal conductivity without detriment to the power factor. Notably, indium
seemed to be entering the voids more than Ga, and Ga contributed more as nanoparticles
in the GBs.
The work done in Ref. 59, showed the splendid achievement of a figure of merit of 1.8 at
823 K 56. In0.4Co4Sb12 was used as the matrix, which was prepared by high energy Ball
milling (HB) and the hot-pressing method, but only ball milled In0.4Co4Sb12 was chosen,
as it provided uniform particles or grain sizes. Later, filled n-type (Sr, Ba,Yb)yCo4Sb12
was mixed with ball-milled In0.4Co4Sb12 to enhance its thermoelectric performance,
which increased the electronic parameters but reduced the thermal parameters, which
yielded an excellent dimensionless figure of merit.
Ref. 50 is another piece of excellent work done by Zhao’s group 47, with the concept of
transportation of magnetization from one state to different state. As previously discussed
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in the electronic properties’ section, a permanent magnet was implanted into the Ba-filled
CoSb3 that resulted in three benefits, while tuning the complex thermoelectric properties
for better TE performance. Two of the benefits were related to reducing the heat-carrying
capability of phonons at the start of the magnetic transition from ferromagnetism to
superparamagnetism. This magnetic transition produced superparamagnetic fluctuations
by scattering phonons, as although the nanostructure contributed to that scattering
mechanism as well. Therefore, by combining those effects, an outstanding zT was
achieved.
Similar work 48 was done by the same group, but in this work, the magnetic transition was
utilized to suppress the intrinsic excitation region. Here, the CoSb3 framework was the
same but nanoparticles of M type barium ferrite (BaM-NPs) were chosen as the
permanent magnet. The electron repository phenomenon contributed to maintaining high
zT in the intrinsic excitation region, and the rough surfaces of the nanoparticles reduced
the thermal conductivity by heightening phonon scattering.
Ref. used a traditional method to fill the voids in the Co-Sb frame work with Ba, La ,and
Yb

43

, but their tactics to optimize the thermal properties were different. While

maintaining high electrical properties, the thermal conductivity was reduced by changing
the filler from single to multiple filling, yielding a broad range of rattling frequencies in
an independent manner that led to high zT of 1.7 at 850 K.
In the case of undoped CoSb3, it remained a key challenge to develop its thermoelectric
properties without filling the voids

45

. Graphene inclusion by a solvothermal process

produced secondary phases near the grain boundaries that effectively reduced the thermal
conductivity and worked as a prime catalyst to yield a zT of 0.61 at 800 K as compared
to bare CoSb3 that only had a zT of 0.26.
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1.3.3.3 Evolution of the maximum zT of skutterudite alloys over recent times:

Figure 1.32 Evolution of the maximum zT of skutterudite alloys over recent times.

The figure shown above is gives the evolution and progression of research that yielded
the dimensionless figure of merit, zT, of the CoSb3 based skutterudite alloys to achieve
enhanced thermoelectric performance over the time from the past two decades until
recently. While zT was only slightly more than one in the mid-2010s, it rose significantly,
to as much as ~1.8 in 2015. Some of the zT values, however, seem to have fallen down in
the period from 2006 to 2015, which indicates different approaches made by different
research groups. Also, 2015 seems to be the significant year where several research
endeavours were accomplished to develop the overall thermoelectric performance, from
zT < 1 in 2015 followed by about 1.2, 1.3, and 1.8 in the same year, which indicated that
more work had been done and methods had been extensively researched in that particular
year. It is a clear indication that CoSb3 has been receiving much attention as a promising
candidate thermoelectric material in the intellectual/scientific periphery. This graph
represents less an indicator or the enhancement of zT over the time, but more as a
normalizer to pinpoint the best work accomplished in some recent years.
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1.3.4 Challenges, problems, and motivations of this thesis:
CoSb3 is a promising material because it has octahedral voids inside it, which can be
engineered to significantly reduce its thermal conductivity. In this literature, carbon
incorporation into the CoSb3 architecture left the voids untouched, which means carbon
did not penetrate inside the void rather mostly formed precipitates over the sample. That
is why rattler engineering into carbon doped CoSb3 samples may open up avenues for
better thermoelectric properties. A zT of more than 0.6 at 800 K has been reported in
graphene doped CoSb3.
When carbon is doped into CoSb3, it usually facilitates enhancement of the electrical
conductivity, which is a great thing. but it also decreases the Seebeck coefficient at the
same time, which may result in a low power factor. Also, carbon doping may bring
increased thermal conductivity because carbon may not be able to scatter phonons.
Carbon may rather add extra phonon vibrations along with cobalt and antimony, which
can increase the overall phonon thermal conductivity. Implementing rattler engineering
into such a carbon doped sample, however, may reduce the thermal conductivity. Such
an effort could possibly increase the Seebeck coefficient along with the electrical
conductivity, which could potentially bring an improved figure of merit.
There are different types of carbon that can be doped into the CoSb3 matrix, such as
carbon fibres, graphene flakes, graphene oxide, etc. Since the electronic structure of
carbon is same, the effect of adding those carbon varieties into CoSb3 based skutterudites
could be more or less the same. Depending only on the physical differences between the
varieties could lead, however, to a noticeable impact on the thermoelectric property,
which is the main focal point of this thesis literature review.
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2

Chapter two

Experimental and Characterization
2.1 Material Fabrication
Material fabrication is the process of creating a metal object by manufacturing through
cutting, shaping, and assembly processes. In this work, samples were fabricated using the
spark plasma sintering (SPS) method.

2.2 Spark Plasma Sintering (SPS) method:
SPS is a pressure-driven powder consolidation technique where a pulsed dc current is
passed through the sample, which is compressed in a graphite architecture. The technique
is also known as the field assisted sintering or pulsed electric current sintering method.
SPS is a valuable technique, which provides accurate, convenient, and fast operation.

2.2.1

Sample fabrication:

Thermal Technology SPS model 10-4 (Figure 2.2 (a)) was used to fabricate the samples,
and figure 2.2 (b) shows the chamber where the graphite arrangement was located. First
of all, the polycrystalline CoSb3 powder was placed in an agate mortar with a pestle where
the powder went through fine crushing by hand. Secondly, the ground sample of CoSb3
was then put into a graphite die 20 mm in diameter under ~50 MPa pressure in vacuum.
A schematic illustration of the graphite die is presented in figure 35. The temperature was
set to 700 K for 10 minutes. Finally, a highly dense solid sample was formed, which was
20 mm in diameter and 1.5 mm in thickness.
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Figure 2.2 (a) Spark Plasma Sintering Thermal Technology SPS model 10-4, (b) vacuum
chamber for housing the graphite die arrangement.

Figure 2.1 Schematic model of graphite matrix and sample used in this work.
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2.3 Density Functional Theory (DFT) calculations:
First-principles calculations were performed based on density functional theory (DFT)
implemented using the CASTEP package1-2. The exchange-correlation functional used
to describe the exchange-correlation interaction was the generalized gradient
approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) formulation3. Structures
were optimized using the Broyden–Fletcher–Goldfarb–Shanno algorithm (BFGS)4. The
relevant doping was implemented as shown in the figures. The maximum cut-off energy
was set at 420 eV with a 2 × 2 × 2 k-point set for optimizations with an ultrasoft
pseudopotential. For the density of states (DOS) the calculations were performed with a
16 × 16 × 16 k-point mesh. Lattice relaxation was performed for the primitive cell in
each doping case by minimizing energies to less than 5 × 10-6 eV/atom.
Electronic structure and density of states calculations were performed using density
functional theory. We first performed optimization calculations to obtain an optimized
crystal structure with lattice parameter a = 9.1056 Å with the Im-3 Cubic space group
(No. 204). Band structure calculation results using the primitive cell of the pure CoSb3
structure with the K-path in the Brillion zone of 𝛤 → 𝐻 → 𝑁 → 𝑃 → 𝛤 → 𝑁 identified
the characteristics of a small gap semiconductor, with a direct band gap of 0.224 eV. The
contributions of carriers from s, p, and d orbitals were identified, with the majority
contributors to the highest occupied molecular orbital (HOMO) being the p and d orbital
electrons, and the origins of these p and d orbitals were recognized as coming from the
Sb and Co ions, respectively. Although the Sb p vs. Co d overall contributions are similar,
it must be noted that there is a 3 vs. 1 population ratio, and as such, per ion, the Co d
orbital contribution to the HOMO is much higher.
Three major scenarios have been taken into account for our calculations to simulate the
doping scenarios, they are the following: the replacement of either the Sb or Co ions with
carbon ions within the primitive CoSb3 crystal structure (to simulate the substitutional
state), the removal of the Co or Sb ions from within the crystal structure (to simulate
defect states), and finally, the insertion of one, two, and three carbons within the crystal
structure (to simulate interstitial states).
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2.4 Material Characterization Technique:

2.4.1

Sample Preparation:

The solid highly dense samples were prepared using a sophisticated sample cutting
machine - Struers Accutom-50 (Figure 2.3(a)). The samples were cut into rectangular bars
and circular disks after fabrication for electrical and thermal property measurements.

Figure 2.3 (a) Struers Accutom 50, (b) Struers Citropress 25, (c) Struers Tegramin 20.
The Struers Citropress 25 (Figure 2.3(b)) was used to mount the samples with Polyfast
followed by polishing with Struers Tegramin-20 (Figure 2.3(c)). The polished samples
were used for microscopy measurements.

2.4.2

X-ray powder Diffraction (XRD):

X-ray powder diffraction (XRD) is a fast analytical technique that provides information
on the crystallographic structure and phase identification of crystalline materials. In this
work finely ground powders of the compounds were used to collect XRD data. The XRD
data was matched with International Centre for Diffraction Data (ICDD) patterns from its
Crystallography Open Database (COD). The results were collected on a GBC MMA (λ =
1.5418 Å) automated powder diffractometer with Cu Kα radiation, which is shown in
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Figure 2.4. The XRD data for CoSb3 and CoSb3-CFx were refined using the diffraction
data over a 2θ range from 20° to 80° with a step size of 0.02°.

Figure 2.4 BC MMA X-ray diffraction instrument.
X-ray diffraction is based on constructive interference of monochromatic X-rays with a
crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate them, and directed toward the
sample.

Figure 2.5 Schematic diagram showing the derivation of Bragg’s law.
The interaction of the incident rays with the sample produces constructive interference
(and a diffracted ray) when the conditions fit Bragg’s law, 𝑛𝜆 = 2𝑑𝑠𝑖n𝜃, where d, 𝜃, n,
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and 𝜆 are the spacing between diffracting crystal planes, the incident angle, an integer
representing the order of the diffraction peak, and the wavelength of the beam,
respectively (Figure 2.5). This law relates the wavelength of electromagnetic radiation to
the diffraction angle and the lattice spacing in a crystalline sample. These diffracted Xrays are then detected, processed, and counted. All possible diffraction directions of the
lattice should be attained due to the random orientation crystallites in the powdered
sample, by scanning the sample through a wide range of 2θ angles.

2.4.3

Scanning Electronic Microscopy (SEM):

The Scanning Electronic Microscope (SEM) utilizes a high energy focused electron beam
to produce a range of signals at the surfaces of the solid specimens. The incoming signals
derived from electron and sample interaction reveal the texture, chemical composition,
and crystalline structure of the sample. Generally, images and data are obtained from
certain areas of the surface of the sample, and a two-dimensional image is also generated
that displays spatial variations in these properties. Accelerated electrons in an SEM carry
significant amounts of kinetic energy, and this energy is dissipated, as there are a variety
of signals produced by electron-sample interactions when the incident electrons are
decelerated in the solid sample. These signals include secondary electrons (which produce
SEM images), backscattered electrons (BSE), diffracted backscattered electrons (EBSD),
photons, visible light, and heat. Secondary electrons and backscattered electrons are
commonly used for imaging samples, since secondary electrons are most valuable for
showing the morphology and topography of samples, and backscattered electrons are
most valuable for illustrating contrasts in composition in multiphase samples. SEM
analysis is usually "non-destructive", in that X-rays generated by electron interactions do
not lead to volume loss of the sample, which makes it possible to analyse the same
materials repeatedly.
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Figure 2.6 (a) SEM: JEOL JSM 6490LA, (b) FE SEM: JEOL JSM 7500FA.
There are two types of scanning electron microscope machines, SEM (JEOL JSM6490LV) and FE-SEM (JEOL JSM-7001F), that were used to investigate the
microstructure and morphology of the samples (Figure 2.6) in this work. This microscopic
investigation was conducted at room temperature under vacuum. Conductive carbon ape
was used to attach samples to the holder to check and characterised the freshly fractured
samples. Polyfast was used to mount samples using Struers Citopress-20 equipment, and
the samples were polished with a Struers Tegramin-20, then used for scanning electron
microscopy to detect the surface morphology. The energy-dispersive X-ray spectroscopy
(EDS) facility of the SEM was used to study the compositions of the samples. A 15 kV
voltage and a 20 mA current were used for conducting the EDS measurements.

2.4.4

Electrical Transport Property Measurements:

2.4.4.1 Electrical Conductivity and Seebeck Coefficient measurements:
The electrical conductivity and Seebeck coefficient measurements were conducted at the
same time by a static DC method using an Ozawa Rz2001i system (Figure 2.7) within the
temperature range from 300 to 1000 K. The software used for these measurements could
also calculate the power factor automatically. In these measurements, the four probe
method was used to measure the electrical conductivity and Seebeck coefficient. The bulk
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sample fabricated by SPS was cut into rectangular blocks, followed by polishing them to
ensure that opposite sides were parallel. The width and thickness of these samples were
recorded. Then, two parallel platinum (Pt) wires were attached on the sample. The
distance between two Pt wires was recorded as the length of the sample. A spray of boron
nitride (BN) was used to coat the surface of the sample uniformly so that any evaporation
could be prevented of the sample at high temperature. The BN coating on the two sides
that were attached to the thermocouple was cleaned by ethanol. Circuit was set up as a
four-probe measurement system, and the temperature profile was set for Seebeck
coefficient measurements. The measurements were conducted under vacuum throughout
the entire process to prevent oxidation.

Figure 2.7 Electrical conductivity, Seebeck, and power factor measurement device - RZ
2001i.

2.4.5

Thermal Property Measurements:

When heat is transferred from the hot end to the cold end of a thermoelectric material,
several thermal properties are involved that are directly linked with the optimization of
the inherent physical properties of a semiconducting material. Thermal diffusivity (TD),
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specific heat capacity (Cp), and density (ρ) are the basic thermal property components that
are multiplied together to yield the thermal conductivity (κ). The relationship refers to the
equation of κ = TD × Cp × ρ. The thermal conductivity is essentially the overall thermal
conductivity of any particular thermoelectric material and is composed of the electronic
thermal conductivity (𝜅𝑒 ) and the phonon thermal conductivity (𝜅𝑝ℎ ), so the total thermal
conductivity stands as- 𝜅 = 𝜅𝑒 + 𝜅𝑝ℎ 5. It should be noted that the overall thermal
conductivity is dominated by the phonon thermal conductivity, which means that the
phonon vibrations in the lattice contribute more to heat propagation than electronic heat
propagation at high temperature.

2.4.5.1 Thermal Conductivity Measurements:

2.4.5.1.1

Specific Heat (Cp) Measurements:

Heat capacity is basically the amount of heat absorbed or released into/from a body to
achieve the resulting temperature change, and it is proportional to the size of that body.

Figure 2.8 Heat capacity measurement on a differential scanning calorimeter, in this case
a NETZSCH DSC 204 F1 Phoenix.
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When the heat capacity is measured for a solid thermoelectric material, it is subjected to
mass and weight. For this reason, the proportionality of heat capacity must be specific
with size and corresponds to the qualifier before it, i.e. specific heat capacity. Specific
heat capacity denotes the amount of heat required to raise the temperature of one-unit
amount of a substance by one-unit of temperature. For this reason, specific heat capacity
has now become independent of mass, facilitating the same characteristics curves
regardless of the mass of samples. The interdependence of these thermoelectric
parameters plays an important role in optimizing figure of merit and, therefore, making
the optimization to obtain a specific target complex.
Differential Scanning Calorimetry (DSC) measurements are employed to measure the
specific heat capacity, Cp, of a sample. DSC data are obtained by collecting data from a
blank crucible and a reference sample (single crystal Al2O3) with the help of a DSC204F1 Phoenix calorimeter (Figure 2.8) under argon gas flow at a flow rate of 50 ml/min.
Cp was calculated using the equation below, where Ae, Ae+r, and Ae+S, are the measured
heat of the empty crucible, the empty crucible with the reference, and the empty crucible
with the sample, respectively, following the same heating process. CR, ms, and mR are the
heat capacity of the reference sample, the sample mass, and the reference sample mass,
respectively. To protect the sample from oxidation, all the measurements were conducted
in argon atmosphere.

2.4.5.1.2

Thermal Diffusivity Measurements:

Thermal diffusivity is a process in which heat travels from one end to the other of a
material. Therefore, high thermal diffusivity of a material reflects the fact of rapid transfer
of heat from its hot end to its cold end and vice versa for a sample with low thermal
diffusivity, provided that the temperature rises with time. Another perception, which can
be envisioned from the unit of thermal diffusivity (m2/s), implies how much area of a
sample is being heated per second when the temperature rises with time as heat moves
through it.

2.1
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Figure 2.9 Physical properties measurement system (-13 to 13 Tesla).
The thermal diffusivity measurements were conducted using a Linseis Laserflash - LFA
1000 (Figure 2.9(a)) within the temperature range from 300 to 1000 K. Thin round disc
shapes were cut from the fabricated samples and placed in a high-intensity, short-duration
radiant energy pulse inside the thermal diffusivity instrument. The samples first absorbed
energy from the front surface after the laser pulse hit the samples and travelled through it
and finally reached to the rear face of the sample. The resultant temperature value, which
is measured as a percentage with respect to its maximum value was collected on the liquid
nitrogen cooled infrared (IR) detector (Figure 2.9(b)). During the measurement, the
obtained results were repeatedly checked to ensure the accuracy of the measurements.

2.4.5.2 Physical Properties Measurement System (PPMS):
Low temperature measurements were also conducted to investigate the effects of carbon
doping in CoSb3-CFx based samples at low temperature. The resistivity measurements
were performed using the four-probe method. To further investigate the influence of
structural transitions and carbon addition on the transport properties of CoSb3, we
measured the magnetoresistance (MR) of carbon doped CoSb3 samples at low
temperature. The transverse MR is defined as 100% × [ρ(B) −ρ(0)]/ρ(0), where ρ is the
resistivity and B is the magnetic field.
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For a deeper understanding of the impact of carbon on the evolution of the carrier
concentration in carbon doped CoSb3 samples, room temperature Hall coefficient
measurements were performed to determine the carrier concentration and the carrier
mobility using an automated low temperature PPMS magnet system (Quantum Design
PPMS-9), as shown in Figure 2.10, over the temperature range of 5 K to 300 K and within
a -13 to +13 Tesla magnetic field range. The carrier concentration p and mobility were
calculated using the formula n = -1/ (RHe), where e represents the electron charge and RH
the Hall coefficient.

Figure 2.10 (a) Thermal diffusivity measurement on a Linensis Laserflash LFA 1000, (b)
schematic diagram illustrating the thermal diffusivity measurement system (model- LFA
1000).
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3

Chapter three

Significant enhancement of electrical conductivity, magnetoresistance and
electronic structures in carbon doped CoSb3 fabricated using the spark plasma
sintering method

3.1 Motivation of the work:
Carbon fibre doping has never been experimented into CoSb3 using spark plasma
sintering (SPS) method. Therefore, the aim of this work is to observer the impact of
carbon fibre into CoSb3 based skutterudites.

3.2 Introduction:
Thermoelectric materials have the excellent property of producing electricity from heat,
which has made them second to none in terms of freedom from rotational movement,
negligible maintenance, absence of working fluids, and non-toxicity1-4. Thermoelectric
technology has also expanded its use in applications such as recovering energy from waste
heat from chimneys5-6, exhausted heat after an engine produces the necessary horsepower
to drive any vehicle or generator7-11, and conversion of abundant sun irradiance to
electricity followed by incorporating them into the energy from other renewable sources
to enhance overall renewable energy production, among other applications

12-14

.

Thermoelectric materials are now widely recognised as promising energy materials, with
a great deal of research and effort now focused on optimizing their physical characteristics
along with finding the best candidate materials for numerous energy applications.
A dimensionless figure of merit (zT) has always been the benchmark for improved energy
conversion efficiency of thermoelectric materials, where zT is defined by the following
𝑆2 𝜎

equation: 𝑧𝑇 = (

𝐾

) 𝑇 . In the above equation 𝑆, 𝜎, 𝑘, and 𝑇 are the Seebeck coefficient,

electrical conductivity, thermal conductivity, and absolute temperature, respectively. In
fact, power factor is essentially a function of electrical conductivity and the Seebeck
coefficient (PF = S2σ). The figure of merit is the determining factor for any thermoelectric
material that indicates how superior the material is, with different superiority ranges for
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different materials. To obtain a high zT, high electrical conductivity, a high Seebeck
coefficient, and low thermal conductivity are required. CoSb3 based skutterudites are one
of the most promising thermoelectric materials for intermediate temperature applications,
because they contain octahedral void space that can accommodate filler atoms, which
could contribute to lower phonon vibrations in the lattice15. There have been several
successful attempts to insert filler atoms into the voids of skutterudites with the intention
of lowering the phonon wavelength to bring about a better zT. For example, An n-type
CoSb3 has been doped with Ga and Yb, where Ga was substituted on Sb sites while also
occupying the void sites, and increasing Yb content facilitated improved Seebeck voltage
and effective mass16. In another attempt, In could be inserted into the voids of CoSb3,
which reduced lattice thermal conductivity without harming power factor, whereas a
slight amount of Ga substituted for Sb provided a zT of 0.95 17. Several dopants of group
IVB were simultaneously doped into CoSb3 to observe which of the elements could fill
the voids, where Sn was found to be the most effective element to decrease the thermal
conductivity18. Also, the group IVB elements were doped into the n-type CoSb3 by means
of an optimum fraction of In as a fourth filler, where the influences of microstructures,
powder particles, crystallite size, and thermal stability also provided reduced thermal
conductivity19.These types of filled CoSb3 were incorporated with magnetic nanoparticles
at a later stage to prepare a series of magnetic nanocomposite thermoelectric materials,
where significant suppression of lattice thermal conductivity was obtained by introducing
paramagnetism20-21. While it is well established that thermal conductivity can be reduced
by using filler atoms, which are also known as rattlers, it is important in the initial stages
to improve the thermoelectric properties by leaving the octahedral voids inside
skutterudites untouched. This could lead to a prospective thermoelectric material that will
have potential towards further improvement if rattlers are incorporated inside it.
In this effort, I have achieved an immense electrical conductivity enhancement and
optimized the CoSb3 framework with appropriate weight percentage doping of carbonfibre (CF) to find the highest electrical conductivity profile. There is no published work
in the literature so far that reports such giant enhancement of electrical conductivity by
incorporating carbon fibre in a composite with p-type CoSb3. Various high electrical
conductivity profiles for different proportions of carbon-fibre inclusion are demonstrated
in this work. All the thermoelectric parameters were influenced by the carbon addition,
although the overall zT was not significantly affected. Remarkably, the carbon-fibre
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addition in the p-type CoSb3 based skutterudite facilitates the free movement of numerous
carriers across the framework, leading to a three-fold improvement as compared to
pristine CoSb3 over a temperature range from 300 K to 700 K. The giant enhancement in
electrical conductivity is induced by the carbon entering into the CoSb3 lattice, leading to
metallicity with increased density of states (DOS). Furthermore, large magnetoresistance
is observed, which increases with carbon addition.

3.3 Experimental method
Computational Details
First first-principle calculations were performed using density functional theory (DFT)
implemented using the CASTEP package22-23. The exchange-correlation function used
to describe the exchange-correlation interaction was the General Gradient Approximation
(GGA) with the Perdew–Burke–Ernzerhof (PBE) formulation24, Structures are optimized
using the Broyden–Fletcher–Goldfarb–Shanno algorithm BFGS25. The relevant doping is
made as shown in the figures. The Maximum cut off energy was set at 420 eV with a
2 × 2 × 2 k point set for optimizations with an ultrasoft pseudopotential, for the DOS the
calculation is performed with a 16 × 16 × 16 k point mesh. Lattice relaxation have been
performed for the primitive cell for each doping case by minimizing energies to less than
5×10-6 eV/atom.

Sample Preparation
Powder CoSb3 and different weight percentage of carbon fibre had been finely ground
and highly dense bulk samples were prepared by SPS (Thermal technology SPS model
10-4) for 10 minutes at 500K with 50MPa pressure in vacuum. The bulk sample had 20
mm diameter and 1.5 mm thickness which were shaped into rectangular bars and circular
discs by using a cutting machine (Struers Accutom-50) for electronic transport
measurement. Carbon fibre doped CoSb3 samples are denoted by different weight
percentage of carbon fibre doped into it (x=0.15, 0.35 & 0.55) which is commonly
referred to as CoSb3-CFx throughout this literature.
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Sample Characterisation
Graphical representation of Powder X-ray Diffraction (XRD) pattern for bare p-type
CoSb3 and carbon fibre incorporated CoSb3 with different weight percentages have been
illustrated in the Figure 3.2(a). The XRD data complies ICDD (International Centre for
Diffraction Data) having Crystallography Open Database (COD) which has an entry no
9015514. The result is brought out by using GBC MMA (λ=1.5418 Å) automated powder
diffractometer with Cu Kα radiation. The XRD data of CoSb3 and CoSb3-CFx have been
refined using the diffraction data over a 2θ range from 20° to 80°. The surface
morphology and microstructure were observed and studied using field emission scanning
electron microscopy (FE-SEM, JEOL 7500). The energy dispersive X-ray spectroscopy
(EDS) spectra were acquired with the same acquisition time, the same e-beam size and
the same microscopic condition as used in obtaining SEM images. The electrical
conductivity, Seebeck and power factor were measured using Ozawa RZ2001i at room
temperature to 700 K under vacuum. Career concentration and mobility were measured
using 13T automated low-temperature PPMS magnet system. Thermal diffusivity was
measured using LINSEIS LFA 1000 under vacuum condition and, the specific heat
capacity was measured using DSC-204F1 under argon atmosphere.
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3.4 Result and Discussion:
Electronic structure properties

Figure 3.1 (a) Crystal structure of CoSb3 unit cell, (b) primitive cell (c) Brillouin zone of
the primitive cell, (d) First-principle band structure calculation of bare CoSb3. The zeroenergy point represent the Fermi level of the component, (e) Contribution of electrons in
different orbitals.
Electronic structure and density of states calculations were performed using density
functional theory (DFT). First optimization calculations have been performed to obtain
an optimized crystal structure with the lattice parameter a = 9.1056 Å with the Im-3 cubic
space group (No. 204). The resulting lattice, as shown in Figure 3.1(a) closely matches
those of which described in Schmidt26 with a = 9.04 Å, giving an overestimated difference
of 0.726%, in agreement with previous ab initio calculations27.
The results for the band structures and density of states are as shown in Figure 3.1(d) and
3.1(e). As it can be seen, they closely match those described in Yang28. Bands structure
calculation results using the primitive cell shown in Figure 3.1(b) of the pure CoSb3
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structure with the K-path in the Brillion zone of 𝛤 → 𝐻 → 𝑁 → 𝑃 → 𝛤 → 𝑁 (Figure 1-c)
which shows the characteristics of a small gap semiconductor. The semiconductor has an
direct band gap of 0.224 eV that matches previously reported works by Sofo29. Figure
3.1(e) shows the contributions of carriers from s, p and d orbitals with the majority
contributor of the highest occupied molecular orbital (HOMO) being the p and d orbital
electrons, the origin of these p and d orbitals are recognized from the Sb and Co ions
respectively, although Sb p vs Co d overall contribution are similar, but it must be noted
that there is 3 vs 1 population ratio and as such per ion the Co d orbital contribution to
the HOMO is much higher.
Previous studies have concluded that CoSb3 can be doped to become either n or p-type3031

depending on whether electron or hole dopants are used.

Three major scenarios have been taken into account for our calculations to simulate the
doping scenarios. These include the replacement of either the Sb or Co ions with Carbon
ions within in the primitive CoSb3 crystal structure (to simulate the substitutional states),
the removal of the Co or Sb ions from within the crystal structure (to simulate defect
states), and finally the insertion of one, two and three carbons within the crystal structure
(to simulate the interstitial states).
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Figure 3.2 Partial density of states for doped CoSb3 in which carbon substitutionally
dopes Co (a) and Sb (c) and the respective (b, d) partial density of states for their carbon
contribution.
In our calculation results, It is observed that in the Carbon-Co substitutional state (Figure
3.2(a-b)) there is a slight peak in the HOMO from the s orbital contributions from the
carbon ion and as a result and there is a similar contribution to the fermi level between
the s vs d orbitals, surprisingly there is an overall increase in the p and d orbital
contributions, this is likely a result of the delocalization of the p orbitals from the d
orbitals of the Co ions, although interestingly d orbitals are also delocalized this is likely
attributed to the broken symmetry between the Sb and Co ions partially delocalizing the
d orbitals from the Co Figure 3.2(c). In the Sb substitutional state (Figure 3.2(c-d)), it is
observed that there is a similar increase in the p and d orbital contributions. Although
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there is no s orbital HOMO peak and as such the contribution to the Fermi level for d
orbitals is much greater than the s orbital, but similarly, because of the broken symmetry,
there is also a delocalization of the p orbitals from the Sb in Figure 3.2(b). In all case,
there is an overall increase in the total contribution in all cases at the Fermi energy.

Figure 3.3 Density of states for defects state (voids) doped CoSb3 in which a void is exists
in the Co (a,c) and Sb (b,d) position.
Ions are removed from the position as shown in Figure 3.3(c) for Co and Figure 3.3(d).
In both the Co defect state (Figure 3.3(a)) there is a higher p orbital contribution for
HOMO orbitals, due to localized p orbitals previously localized by Co in the pure CoSb3.
Hence, further enhancing p orbital contributions since Sb d orbitals do not contribute to
HOMO orbitals. In the Sb defect state, this is reversed and there is a comparatively higher
d orbital HOMO contribution, due to the delocalized d orbitals that are previously
localized in pure CoSb3. The lowering of p orbital is expected since the majority
contribution comes from Sb. The orbitals changes are consistent with p-d hybridization
between the p orbital of the Sb and d orbitals of the Co. In both cases, there is an overall
increase in total contribution at the Fermi energy. The defect doping states shows a p type
conduction of electrons.
The interstitial Carbon states show an overall increase in the p orbital contribution of the
HOMO due to carbon p orbital contributions which is in addition to the Sb p-orbital
contributions (Figure 3.4(b)) to the HOMO (Figure 3.4(c)). Up to 3 carbon ions are
inserted into the lattice at 3 different position Figure 3.4(a) these are C1, C2 and C3 which
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also corresponds to the total number carbon ions. Our results show that the p orbital
contribution increases with an increasing amount of carbon ions (Figure 3.4(b-d)), but as
the number or carbon ion increase the contribution per carbon ion is decreasing (Figure
3.5(a)) indicating that there should be a saturation point for the amount of carbon that can
be appropriately introduced into the lattice all intestinally doped orbitals show hole like
properties in their density of states (Figure 3.4(b-d)).

Figure 3.4 (a) C1, C2, C3, shows the positions of the interstitial carbon doping. Density
of states of interstitially doped CoSb3 for (b) C1 (c) C2 and (d) C3 carbon ions.
Energy calculations reveal that interstitial Carbons show the lowest formation of energies.
These are 20.71, 28.07 and 34.65 eV/atom for 1, 2 and 3 carbon ions, respectively, where
all other types of defects are significantly less stable in their formation energies compared
to the pure CoSb3. The spin-polarized configurations also showed less stable formation
energies compared to pure non-spin-polarized CoSb3. These results reveal that, firstly,
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pure CoSb3 is likely to exist in the non-spin polarized state, secondly, Co, Sb void defect
and substitutional defects are comparatively less stable than their pure phase counterparts.
Finally, interstitial carbon doping yields composites that are comparatively more stable
than the pure CoSb3 counterparts per atom showing increased stability with increased
interstitial carbon ions although the difference in stability decreases as the number of
carbon ions are increased i.e. the difference between C2 vs C1 is 7.31eV/atom and C3 vs
C2 is 6.58 eV/atom. So, I can deduce that, as the number of carbon ions are increased, the

Figure 3.5 Comparison of all doping scenarios changes in (a) carbon, (b) Sb, (c) Co per
each ion and their respective (d) totals.
stability will eventually match or become less stable than that of the pure phase CoSb3.
From thermodynamic point of view, dissociated carbon fibre doping in the CoSb3 based
framework is most likely to follow the interstitial defect route. There is not enough
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information to tell, however, around which percentage the DOS contribution will start to
drop as there is a very slow change DOS contribution at Fermi energy per carbon ion
introduced into the lattice using or whether the system will be less stable than that of the
pure CoSb3 before that point. All the points from (Figure 3.5(a)) show additional
contributions for the HOMO of the DOS compared to their counterpart defects and will
increase the DOS at the Fermi level by adding additional states in the bandgap. Overall,
this theoretical analysis shows that, all proposed doping and defects will increase the
conductivity i.e. DOS at the Fermi energy (Figure 3.5(d)). But, based on the energies of
the systems, the most likely type of doping is the intercalation (interstitial), and the
interaction between carbon and Sb enhances the p orbital contribution to the charge
carriers in the structures, leading to enhancement in the conductivity. The expected
enhancement in electrical conductivity is indeed observed in our carbon incorporated
CoSb3. Next, I have looked at the effect of carbon addition on crystal structures followed
by the results and discussion on electrical, thermoelectric and magnetoresistance
properties.
Structural and morphology Characterizations:

Figure 3.6 (a) X-ray diffraction patterns of bare CoSb3 and CoSb3-CFx (x =0, 0.15, 0.35
and 0.55) (b) peak shift towards large Bragg’s angle (c) lattice constant decreases as
doping fraction increases.
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The powder X-ray diffraction (XRD) patterns (Figure 3.6) of samples with the nominal
composition of CoSb3-CFx (x = 0, 0.15, 0.35, 0.55), where x is the doping fraction (by
weight) of carbon fibre into CoSb3, indicate that all the major peaks are from
polycrystalline skutterudite structure of CoSb3. The XRD patterns also contain small
peaks for the doped samples at 30°and 45°, which are identified as peaks from carbon3233

. Apart from these, no additional peaks are present, strongly suggesting that the samples

are composites of CoSb3 and carbon without any additional phase. It is very interesting
to note that the magnified (310) diffraction peaks in Figure 3.6(b) demonstrate a right
shift, indicating a decrease in the lattice parameters with carbon addition. The lattice
constants of skutterudite phase have been calculated from the XRD patterns. The
reduction of lattice constant with increasing doping fraction indeed takes place as shown
in Figure 3.6(c).

Figure 3.7 FE-SEM image of surface and cross-sectional morphology of CoSb3
polycrystalline samples with nominal composition of CoSb3-CFx; (a, d) x=0.15, (b, e)
x=0.35 and (c, f) x=0.55. Black dots in the figure (a, b, c) are carbon fibre on the surface
and red marked circle in figure (f) are inserted carbon fibres found in the cross section.
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Figure 7 shows the scanning electron microscopic (SEM) images of both polished sample
surface and cross-section morphology for the CoSb3 polycrystalline samples with carbon
fibre addition (Figure 3.7(a-f)). When carbon concentration increases from x=0.15 to
0.55, manifestation of carbon fibres gets populated and can be spotted clearly across the
Figure 3.7(a-c). Also, the SEM images reveal the final microstructures are distinctively
surrounded by carbon fibres which densify as well as disperse in that region. Therefore,
carbon fibre population in the CoSb3 matrix reveals that they are additional possible
reason for high electrical conductivity of which I will be investigating further in the later
discussion. All the samples are found to be densely aggregated, with no porosity and
robust rock-like structure. The grain size is about 5 µm or less in other samples which is
due to prolonged high temperature and pressure with time dwelling.
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Figure 3.8 EDS local energy spectrum 1 in Figure (a) and local energy spectrum 2 in
figure (c), cross-sectional morphology of CoSb3-CF0.55 at two different places in figure
(b, d) as in inset. Both figure (b) and figure (d) confirm the presence of carbon.
Energy Dispersive Spectroscopy (EDS) is performed on CoSb3-CF0.55 sample at two
different places which is presented in Figure 3.8(a, c) to fortify the authenticity of SEM
image. A spectrum in Figure 3.8(d) shows a high peak at around 0.5 keV which denotes
the presence of carbon with high intensity as the spectrum was pointed on a place where
carbon fibres were enormous and the other spectrum in Figure 3.8(b) is found to have
very low amount of carbon at same energy level because the spectrum was taken from a
less carbon-populated area. The SEM image, therefore, provides actual visionary concept
of the morphology of CoSb3-CFx based framework.
In addition, the EDS analyses shows the main elements on the surface of CoSb3 were Co
and Sb and their spectrum are well separated from each other. In spectrum 1, the strongest
signal is found at around 3.8 keV for Sb with the second and third peak after 4 keV. At
around 7 keV and 7.8 keV, two signals are found for Co. Signals for Sb and Co are also
found at same energy level in spectrum 2 but due to their low signal to noise ratio, peak
intensities are found smaller. However, this spectrum analysis entails that the surface of
the CoSb3-CFx based alloy is mainly composed of cobalt and antimony. However, as
noted before that the carbon has a highest peak when the EDS local signal has been aimed
at carbon populated area in the CoSb3 grains whereas a low carbon signal is observed
when directed at less carbon populated area. In both cases carbon peak can be detected
which fortifies the fact that carbon goes into the CoSb3 lattice.
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Electrical and thermoelectric properties:

Figure 3.9 Temperature dependence of thermoelectric properties of CoSb3-CFx (x=0,
0.15, 0.35 and 0.55) composites (a) Electrical Conductivity (b) Seebeck (c) Power Factor
(d) Total thermal conductivity (e)Phonon thermal conductivity and (f) Electronic thermal
conductivity.
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In Figure 3.9(a), Electrical conductivity vs temperature is shown for different samples
with or without carbon fibre addition. The electrical conductivity increases significantly
with increasing of carbon fibre. For the bare CoSb3, the electrical conductivity rose from
271 Scm-1 at 330 K to 355 Scm-1 at 700 K where the highest value (CoSb3-CF0.35)
reaches 1189 Scm-1 at 330 K and goes down to 973 Scm-1 at 700 K. However, the trend
depicted between bare CoSb3 (x=0) and carbon fibre doped CoSb3 is somewhat different
over the range of temperature from 300 K to 700 K. While smooth inclination is observed
in bare CoSb3 from room temperature to 700 K, a noticeable drop for the CoSb3-CFx
composites can be seen up to 700K. This fact entails an important assumption – bare
CoSb3 behaves as semiconductor while CoSb3-CFx composites act as degenerative
semiconductor or showing metal-like behaviour.
A significant enhancement in electrical conductivity is achieved as the doping level of
carbon fibre has been increased to x=0.35 resulting a maximum boost of more than 3
times as compared to bare CoSb3. In addition, it is interesting to observe in Figure 3.9(a)
that electrical conductivities are observed to be soaring linearly as CF doping levels are
increased up to 0.35. These increased number of electrons move down from the hot end
to cold end without experiencing significant obstruction of inter-atomic collision. But
when x=0.55, electrical conductivity starts to decrease and travel below x=0.35.
Significant enhancement of electrical conductivity in Carbon Fibre doped CoSb 3
stoichiometry is generally accompanied by reduction in Seebeck. In Figure 3.9(b) the
temperature dependence of Seebeck for CoSb3-CFx series with bare CoSb3 are portrayed.
First and foremost, reduction of Seebeck has been observed for all the samples compared
to bare CoSb3. The consequences of large electrical conductivity enhancement have been
manifested into the Seebeck characteristic trends e.g. Seebeck value is found 65 µVK-1
for CoSb3-CF0.35 at 700 K as compared to 163 µVK-1 at 700 K for bare CoSb3 that points
out more than 60% reduction from bare CoSb3. There is, however, not much changes in
Seebeck can be observed for other samples, and all samples remain as the p type. The
x=0.35 is deemed to be the optimum doping concentration for the electrical conductivity.
I will be investigating further through different characteristic curve to justify our
reasoning.
Power Factor (PF) = S2σ has been represented in the Figure 3.9(c) as a function of
temperature for CoSb3-CFx composites and compared with bare CoSb3. As it is known
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that Seebeck values are squared and multiplied with σ to obtain power factor, it can be
perceived that Seebeck values dominate over σ. For this reason, all the samples showed
reduced power factor as compared to bare CoSb3 where x= 0.35 exhibits better rate of
change between other two samples. It is also observed that, since carbon fibre addition
increases from

x=0.35 to 0.55; these composites are found to be exhibiting immense

enhancement of electrical conductivity, but their Seebeck dropped below bare CoSb3
which results in reduced power factor eventually.
Thermal diffusivity (TD), specific heat capacity (Cp), Density (ρ) are the basic thermal
property components which yield thermal conductivity (K) by means of having multiplied
with each other. The relationship refers to the equation of k=TD×Cp×ρ. Thermal
conductivity is essentially the overall thermal conductivity of any particular
thermoelectric material which is composed of electronic thermal conductivity (𝐾𝑒 ) and
phonon thermal conductivity(𝐾𝑝ℎ ), therefore, total thermal conductivity stands as- 𝐾 =
𝐾𝑒 + 𝐾𝑝ℎ

12

. It should be noted that the overall thermal conductivity is dominated by

phonon thermal conductivity which means phonon vibration in the lattice contributes to
heat propagation more than electronic heat propagation at high temperature. For example,
Kph is usually very high for oxide thermoelectric material where non-ionic surfactant
inclusion in the oxide material introduces porosity and effectively reduces phonon
vibration. Such an effort has been successfully demonstrated into La doped SrTiO3 with
F127 surfactant inclusion which provided a zT of 0.32 at 968 K34.
Thermal conductivity for the CF doped CoSb3 samples has been depicted in the Figure
3.9(d) as a function of temperature. Thermal conductivity (K) is the summation of
electronic thermal conductivity (Ke) and phonon thermal conductivity (Kph). Ke relates to
heat transferred through major carrier and Kph deals with phonon vibration in the crystal
lattice and transfer of heat as wave. The CoSb3-CFx samples show increased electronic
thermal conductivity over a wide range of temperature in Figure 3.9(e) as doping level is
increased. As it is known, the Ke is directly proportional to the electrical conductivity and
temperature (Ke=LσT). So, due to carbon doping in interstitial of CoSb3 lattice, the
samples have become metallic. This is because of free electrons from 2p orbital of carbon
which helps to propagate current as well as heat across the CoSb3 matrix. The DOS
calculation also confirms that due to carbon addition, number of electrons increases at
fermi level.
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Kph is also observed to be increasing with carbon fibre addition which could be due to the
presence of carbon fibre in between the grain boundaries that may act as a bridge between
crystal boundaries and helps phonons to travel from one grain to another. However,
previous experiments show that carbon fibre in between grains reduces the lattice thermal
conductivity due to lattice mismatch between grain and carbon fibre. So, increment of
Kph with carbon addition could be due to the fact that the presence of carbon atoms in
CoSb3 lattice provide additional phonon vibration which helps to improve the overall
increase of lattice thermal conductivity. In addition, since it is likely that carbon doping
happens interstitially, it has not created any point defect in the crystal structure, therefore,
phonon scattering has not been happening in this case. It was, however, previously
reported35 that carbon fibre inclusion in the Cu2Se brought lower thermal conductivity. It
is because of the fact that Cu2Se is intrinsically benefitted with lower thermal
conductivity.

Low temperature magnetotransport and magnetic properties:

Figure 3.10 (a) the temperature dependence of the resistivity () for carbon doped CoSb3
samples. b) Magnetoresistance (MR) at room temperature.
Low temperature measurements have also been conducted to investigate the effect of
carbon doping in CoSb3-CFx based samples at low temperature. The resistivity
measurements were performed using four-probe method. Figure 3.10(a) shows the
temperature dependence of the electrical resistivity for the samples without and with
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carbon addition. The parent CoSb3 sample shows a typical conducting behaviour of
semiconductors down to 2K. However, the electrical resistivity decreases with increasing
temperature and turns into a metallic-like regime when carbon is introduced which was
also found same as how the electrical conductivity behaves for high temperature ranges.
Furthermore, the resistivity drops with increase of CF amount.

Figure 3.11 (a) the hall-coefficient (RH) and carrier concentration (n), (b) The
conductivity and hall mobility as a function of carbon concentration x for the carbondoped CoSb3 samples.
To further investigate the influence of structural transition carbon addition on transport
properties of CoSb3, I have measured the magnetoresistance (MR) of carbon doped CoSb3
samples at low temperature, as shown in Figure 3.10(b). The transverse MR, defined as
100% [ρ(B) −ρ(0)]/ρ(0), where ρ is the resistivity and B is the magnetic field. MR shows
a classic B2 trend at low filed for all samples and then the MR increase with magnetic
field in a more linear relation at high-field region.
For deeper understanding of the impact of carbon on the evolution of carrier concentration
in carbon doped CoSb3 samples, Hall Effect was measured. Figure 3.11(a) plots the roomtemperature hall-coefficient (RH) and carrier concentration in relation to carbon
concentration. The hall coefficient, RH = xy/B, where B is the magnetic flux density, xy
is the hall resistivity. The carrier concentration, n = -1/ (RHe), where e is the electron
charge. For all carbon concentrations, the values of RH are positive indicating dominant
p-type conduction which is also found from positive Seebeck as well as it can be observed
that the carrier concentration increases significantly with the increasing of doping
concentration up to x=0.35 and follows minimum rate of change as carbon concentration
increases. Figure 3.11(b) displays the carbon doping content x dependence of the in-plane
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conductivity and hall mobility at 300 and 340 K, respectively. The hall mobility formula

H = RH,  is the in-plane conductivity. Compared to pure CoSb3 sample, the mobility
first decreases with the addition of carbon, reflecting the change from the high-mobility
p-type to low-mobility p-type conduction. Further increase in carbon concentration
results in a slight increment with minimal rate of change after x=0.35. Both the Figures
3.11(a) and 3.11(b) show carrier density increase with carbon addition which reveals that
the significant enhancement of electrical conductivity is influenced by carrier
concentration and mobility (where carrier concentration takes the lead). Interestingly,
carrier concentration soars up noticeably up to x=0.35 followed by nearly steady
increment till x=0.55 but almost negligible rise is spotted in carrier mobility after x=0.35.

3.5 Conclusion:
To conclude, I have demonstrated a new approach for the fabrication of p type CoSb3
based framework where carbon fibre has been incorporated into it by SPS method. The
thermoelectric properties, low temperature physical property measurement and
magnetism were investigated and compared between different samples of CoSb3-CFx
series where small amount of carbon fibre addition (x=0.35) brought outstanding
electrical conductivity that is more than 3 times higher than bare CoSb3. In addition, I
have improved the figure of merit of highly conductive CoSb3-CF0.35 by carbon fibre
doping only that leaves the unit cell and the void untouched whereas it is well established
to improve power factor by inserting rattler into skutterudites. Overall, from the electrical
standpoint CoSb3-CFx composites are outstanding in terms of producing enough power
and promising as a thermoelectric material because it leaves further exploration using
rattler atom engineering.
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4

Chapter four

Graphene addition effect on the structures, electrical, and thermoelectric properties
in CoSb3 fabricated by spark plasma sintering method.

4.1 Motivation of the work:
Graphene inclusion into CoSb3 matrix facilitates both improved electrical and thermal
properties. In a previous effort Feng1 conducted experiment on solvothermally
synthesized CoSb3-graphene powder where he focused on improving figure of merit. For
the preparation of CoSb3/Graphene nanocomposite, 48 mg of graphene oxide and Co2+
and Sb3+ went through solvothermal process where graphene oxide was reduced to
graphene by NaBH4 and Co2+ & Sb3+ were reduced to metallic Co and Sb. The bare CoSb3
was produced using the similar route without the addition of graphene. Also, the graphene
was produced by similar procedure. Later, the CoSb3+graphene (1.5 wt% of graphene)
bulk was obtained by hot press method to make comparison with the CoSb3/graphene
nanocomposite. The CoSb3/graphene nanocomposite showed better electrical and thermal
property which give improved figure of merit. The dispersion of graphene might reduce
the thermal conductivity but the effect of carbon whether it goes inside the lattice or not
is not explained where it leaves an inquiry to be conducted in my work. The bulk
CoSb3/graphene

nanocomposite

outperformed

the

solvothermally

produced

CoSb3+graphene bulk and bare CoSb3 in terms of both electrical and thermal
performance. So, pure CoSb3 bulk which can be prepared which needs to be inquired to
see the difference with solvothermally produced CoSb3 different weight percentage of
graphene addition. Therefore, pure CoSb3 has been used for my experiment which is
prepared from a totally new fabrication method (spark plasma sintering) where I have
focused on other physical properties. To focus on pure CoSb3 is important because the
intrinsic properties of CoSb3 from the graphene addition may have impacts on the crystal
structure. For example, if CoSb3 is not pure, the situation may become complicated as the
carbon may enter into the lattice.
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4.2 Introduction:
The CoSb3 based skutterudites are promising thermoelectric materials because they
contain octahedral voids inside their structure, which means that this kind of material can
accommodate atoms inside the voids. These atoms are known as rattlers, which create
Einstein-like vibrational modes that leads to phonon scattering. As a result, reduced
thermal conductivity can be achieved, which is beneficial for enhancing the
thermoelectric performance of CoSb3 based materials. While reducing the thermal
conductivity, the inserted rattler also gives off valence electrons into the framework,
which boosts the carrier concentration. Such aptitudes are obtained by single-filled or
multiple-filled CoSb3, which has facilitated a figure of merit zT = 1.8 for n-type CoSb32.
It should be noted that the thermoelectric performance of n-type CoSb3 is far superior to
that of p-type CoSb3. Therefore, it is important to draw attention to improving the
thermoelectric performance of p-type CoSb3. Several attempts have been made to lower
the thermal conductivity by strategies apart from void filling, such as using
nanostructured materials3, 4, hosting a secondary phase to form composites5, introducing
porosity into oxide materials6 etc.
In this work, graphene flakes (GF) have been incorporated into the CoSb3 matrix in
precise quantities by weight, where the lowest quantity showed a better thermoelectric
trend that resembled the “phonon-glass-electron-crystal” property7. The “phonon-glasselectron-crystal” phenomenon deals with two approximations: the first approximation
relates to facilitating sufficient carrier mobility, similar to that of electrons in a crystal;
and the second approximation is concerned with creating phonon scattering through
specific structural disorder, i.e. making a material/component a poor thermal conductor
like glass. Firstly, enhanced electrical conductivity for the composite with lowest weight
percentage was observed with a fairly unchanged Seebeck coefficient as compared to bare
CoSb3. This trend is aligned with the first approximation of the “phonon-glass-electroncrystal” phenomenon, where high electrical conductivity and an enhanced Seebeck
coefficient are sought to maintain ideal electronic properties as a good thermoelectric
material. As a result of this, an improved power factor was obtained for the CoSb3-GF0.35
sample, where 0.35 is the weight fraction of graphene flakes. Later, reduced thermal
conductivity was observed for all the quantities of GF, which supports the latter
approximation and indicates that this material exhibits ideal thermal properties. Finally,
a better figure of merit has been observed for the lowest quantity, which exhibits about a
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50% improvement at mid temperature, with a high of more than 90% improvement at low
temperature, as compared to bare CoSb3. There is no published work in the literature that
reports such enhancement of the power factor and improved zT by graphene flake
inclusion for p-type CoSb3 by using this fabrication method so far. In the sample name
convention, graphene flake is interpreted as GF, and when GF is doped into CoSb 3 in
different quantities (weight fractions), this is expressed by CoSb3-GFx. There are also
other interesting causes facilitating the interesting behaviour in CoSb3-GFx based
skutterudites, as discussed later on.

4.3 Experimental method:
Preparation of graphene flake doped CoSb3
CoSb3 powder and different weight percentages of graphene flake was finely ground, and
highly dense bulk samples were prepared by spark plasma sintering (SPS; Thermal
Technology SPS model 10-4) for 10 minutes at 500 K with 50 MPa pressure in vacuum.
The bulk sample was 20 mm in diameter and 1.5 mm in thickness which was shaped into
rectangular bars and circular discs by using a cutting machine (Struers Accutom-50) for
electronic transport measurement. Graphene flake doped CoSb3 samples are denoted by
the different weight percentages of graphene flake doped into them (x = 0.35, 0.75, 0.95,
and 1.15), which are commonly referred to as CoSb3-GFx throughout this chapter.
Sample Characterisation
The powder X-ray diffraction (XRD) patterns for bare p-type CoSb3 and graphene flake
incorporated CoSb3 with different weight percentages are presented in Figure 4.1(a). The
XRD data matches the International Centre for Diffraction Data (ICDD) Crystallography
Open Database (COD) entry no. 9015514. The results were collected on a GBC MMA (λ
= 1.5418 Å) automated powder diffractometer with Cu Kα radiation. The XRD data for
CoSb3 and CoSb3-GF were refined using the diffraction data over a 2θ range from 20° to
80°. The surface morphology and microstructure were observed and studied using field
emission scanning electron microscopy (FE-SEM, JEOL 7500). The energy dispersive
X-ray spectroscopy (EDS) spectra were acquired with the same acquisition time, the same
e-beam size, and the same microscopic conditions, as used in obtaining the SEM images.
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The electrical conductivity, Seebeck coefficient and power factor were measured using
an Ozawa RZ2001i from room temperature to 700 K under vacuum. Thermal diffusivity
was measured using a LINSEIS LFA 1000 under vacuum conditions, and the specific
heat capacity was measured using a DSC-204F1 under argon atmosphere.

4.4 Result and Discussion:
Structural and morphology Characterizations:

Figure 4.1 (a) X-ray diffraction patterns of bare CoSb3 and CoSb3-GFx (x =0, 0.35, 0.75,
0.95 and 1.15) (b) peak shift towards large Bragg’s angle (c) lattice constant decreases as
doping fraction increases.
The powder X-ray diffraction (XRD) patterns (Figure 4.1) of samples with the nominal
composition of CoSb3-GFx (x = 0, 0.35, 0.75, 0.95, and 1.15), where x is the doping
fraction (by weight) of graphene flake into CoSb3, indicate that all the major peaks are
from the polycrystalline skutterudite structure of CoSb3. The XRD patterns also contain
small peaks for the doped samples at 30°and 45°, which are identified as peaks from
carbon8, 9. Apart from these, no additional peaks are present, strongly suggesting that the
samples are composites of CoSb3 and carbon without any additional phase. It is very
interesting to note that the magnified (310) diffraction peaks in Figure 4.1(b) demonstrate
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a right shift, indicating a decrease in the lattice parameters with carbon addition. The
lattice constants of skutterudite phase have been calculated from the XRD patterns.
Reduction of the lattice constant with increasing doping fraction indeed takes place, as
shown in Figure 4.1(c).

Figure 4.2 FE-SEM image of cross sectional morphology of CoSb3 polycrystalline
samples with nominal composition of CoSb3-GFx; (a) x=0.35, (b) x=0.75, (c) x=0.95 and
(d) x=1.15. Irregular red encompassed areas in the SEM images are a few out of many
manifestations of graphene flakes’ distribution throughout the CoSb3-GFx matrix which
is clearly evident due to colour contrast between CoSb3 powder and graphene flakes.
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Figure 4.3 shows CoSb3 polycrystalline samples with the nominal composition of CoSb3GFx (x = 0.35, 0.75, 0.95, and 1.15) observed from the cross-sectional morphological
viewpoint. When the graphene concentration increases from x = 0.35 to 1.15, the graphene
flake population becomes denser and can be spotted clearly across Figure 4.3(a-d). Also,
the SEM images reveal that the final microstructures are distinctively surrounded by
graphene flakes which densify at these spots as well as disperse in that region. Therefore,
the graphene flake population in the CoSb3 matrix reveals that they are an additional
possible reason for obstructing phonon frequencies, which I will be investigating further
in a later discussion. All the samples were found to be densely aggregated, with no
porosity and a robust rock-like structure. The grain size is about 15 µm to 3 µm or less in
the other samples which is due to prolonged high temperature and pressure. Graphene
flakes are also found to be inserted into the irregular structures that are outlined in red
across all the images.
Electrical properties:

Figure 4.3 Temperature dependence of electrical properties of CoSb3-GFx (x=0, 0.35,
0.75, 0.95 and 1.15) composite (a) electrical Conductivity (b) Seebeck (c) power factor
(d) changes of electrical conductivity & Seebeck over doping concentration at 326 K.
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In Figure 4.3(a), electrical conductivity vs, temperature is shown for different amount of
graphene flake (GF) doped into cobalt antimonide (CoSb3). As more and more graphene
flake is added into CoSb3, the electrical conductivity increases in this p-type
semiconductor. The trends depicted between CoSb3-GF0.35 and other composites of
graphene flake doped CoSb3 are somewhat different, however, over the range of
temperature from 300 K to 700 K. While smooth inclination is observed in all CoSb 3GFx composites from room temperature to 700 K, a noticeable drop for CoSb3-GF0.35
can be seen after 400 K, and it is continued until 700 K. This fact entails an important
assumption – CoSb3-GFx based composites (including bare CoSb3) behave as
semiconductors, while CoSb3-GF0.35 act as a degenerate semiconductor or shows more
metal-like behaviour at high temperature.
For the bare CoSb3, however, the electrical conductivity rose from 271 S·cm-1 at 330 K
to 355 S·cm-1 at 700 K, where the highest value (CoSb3-GF0.35) reached around 380
S·cm-1 at 400 K and went down to 276 S·cm-1 at 700 K. Therefore, more than a 33%
increase in electrical conductivity was achieved at 400 K as the doping level of graphene
flake increased to x = 0.35.
The enhancement of the electrical conductivity in the graphene flake doped CoSb3 is
generally accompanied by a reduction in the Seebeck coefficient. In Figure 4.3(b), the
temperature dependence of the Seebeck coefficient is presented for the CoSb3-GFx series
with bare CoSb3. First and foremost, while reduction of the Seebeck coefficient was
observed for x = 0.75 and x = 0.95 compared to bare CoSb3, a minimal change is observed
for x = 0.35 and x = 1.15. Here, the consequences of electrical conductivity enhancement
have been manifested in the Seebeck coefficient for x = 0.75 and x = 0.95, e.g., the
Seebeck coefficient is found to be 97.9 µV·K-1 for CoSb3-GF0.75 at 700 K as compared
to 163 µV·K-1 at 700 K for bare CoSb3, which indicates about a 40% reduction from bare
CoSb3. The p-type conduction of the samples can be confirmed from the positive Seebeck
coefficients. In addition, based on this evidence, CoSb3-GF0.35 should be deemed to be
the optimum doping concentration for this work, but I will be investigating further
through different characteristic curves to justify my reasoning.
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The Power factor (PF) of a material is defined as PF = S2σ, which has been represented
in Figure 4.3(c) as a function of temperature for the CoSb3-GFx composites and bare
CoSb3. The highest value of S2σ = 1.13 × 10-3 W·m-1K-2 at 450 K was found for our
plasma sintered bulk CoSb3-GF0.35 as compared to 9.62 × 10-4 W·m-1K-2 at same
temperature for the bare CoSb3, indicating a power factor improvement of around 17% at
that point. It is interesting to observe that all the CoSb3-GFx composites have reduced
power factors except for x = 0.35 up to 500 K. Even though x = 0.35 showed increased
electrical conductivity at low temperature, it decreased at high temperature, The Seebeck
coefficient remained fairly unchanged over the range of temperature and closely followed
the trend established by bare CoSb3. It is well known that Seebeck values are squared and
multiplied by σ to obtain the power factor, so it can be generally perceived that Seebeck
values dominate over σ. In this case, the fairly unchanged Seebeck values and increased
electrical conductivity for x = 0.35 as compared to bare CoSb3 facilitate the first
approximation of the “phonon-glass-electron-crystal” phenomenon, where high electrical
conductivity and an enhanced Seebeck coefficient are sought to maintain the ideal
electronic properties of a good thermoelectric material. The highest characteristic curve
for the power factor was found for x = 0.35 up to 500 K followed by bare CoSb3, and the
lowest for x = 0.75, which was expected from its reduced Seebeck characteristic. In
addition, two reference curves of the power factor for bare CoSb3 and a CoSb3-graphene
mixture reported by Feng1 have been added to demonstrate the significant improvement
in the power factor obtained from my CoSb3-GFx based samples. The bare CoSb3 used
in this work exhibited an outstanding improvement of more than 6 times as compared to
the reference bare CoSb3, and CoSb3-GF0.35 showed around 4 times improvement as
compared to the solvothermally produced reference CoSb3-graphene mixture.
Figure 4.3(d) shows the changes in the electrical conductivity and Seebeck coefficient as
functions of the doping concentration at 326 K. The trends depicted by both the curves in
the figure help us to understand the importance of choosing the optimum weight
percentage of graphene flake for this work, so that the first approximation of the “phononglass-electron-crystal” phenomenon can be satisfied. Both the curves intersect at a point
where the doping fraction is x = 0.2 and our work demonstrates that x = 0.35 is the
optimum weight percentage to achieve the best power factor. Therefore, to satisfy the first
approximation of the “phonon-glass-electron-crystal” phenomenon, a suitable range of x
= 0.1 to 0.35 can be chosen as optimum weight percentage, as is shown in this figure.
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Also, any amount within this range would show the best possible power factor, among
which x = 0.35 proves its suitability to qualify as the optimum weight percentage among
the others in this work. I will be investigating further whether the suitability of this range
works for achieving the second approximation of “phonon-glass-electron-crystal” in a
later discussion. It is important to note that only room temperature has been taken into
account while evaluating the suitability of choosing the optimum weight percentage
because the electrical conductivity of x = 0.35 plummets at high temperature. As a result,
the intersection point would travel further down to a higher doping concentration, from
which there will be significant differences between the points in the curves for electrical
conductivity and the Seebeck coefficient on both sides of the intersection, leading to less
approachability towards a first approximation. Therefore, this fact explains why it is
better to find the suitability of the optimum weight percentage at room temperature.
Thermal properties:

Figure 4.4 Temperature dependence of thermal properties of CoSb3-GFx (x=0, 0.35, 0.75,
0.95 and 1.15) composite (a) total thermal conductivity (b) electronic thermal
conductivity (c) phonon thermal conductivity and (d) figure of merit.
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The total thermal conductivity for the graphene flake doped CoSb3 samples is presented
in Figure 4.4(a) as a function of temperature. The thermal conductivity (K) is the sum of
the electronic thermal conductivity (κe) and the phonon thermal conductivity (κph). κe
relates to the heat transferred through the carriers, and κph is concerned with phonon
vibrations in the crystal lattice and the transfer of heat as waves. The CoSb3-GFx samples
show a small rise in the electronic thermal conductivity over the temperature range in
Figure 4.4(b) as doping level is increased, except for x = 0.35 and x = 1.15. This indicates
that the increased number of carriers were supplying more thermal energy to the lattice,
while x = 0.35 supplied the least amount of energy at high temperature. In addition, it also
can be perceived that phonon scattering was decreased, especially for x = 0.35 and x =
1.15, by increasing the doping level. As expected, all the samples showed lower κph
compared to bare CoSb3, where x = 0.35 has the lowest κph of all. The changes in the
curves of κph other than for x = 0.35 are, however, less distinguishable among the samples
in Figure 4.4(c) and show a resemblance to total thermal conductivity (κ). So, this
confirms that κ is less impacted by κe because κph contributes more. As a result, CoSb3GF0.35 has the best compliance with the second approximation of the “phonon-glasselectron-crystal” phenomenon.
The dimensionless figure of merit (zT) for the CoSb3-GFx samples is presented in in
Figure 4.5(d) as a function of temperature. Earlier, it was observed that CoSb3-GF0.35
had always the highest power factor and the lowest thermal conductivity, i.e., this
particular sample had better electrical and thermal properties over the course of time
during this work. This indicates that CoSb3-GF0.35 complies with the “phonon-glasselectron-crystal” phenomenon which is reflected in the characteristic curve of zT. CoSb3GF0.35 offered the highest zT of 0.16 at 600 K among all the samples, which is an
improvement over bare CoSb3. It is also noteworthy that the curves for all the other
sample travel below bare CoSb3, since x = 0.35 falls into the range where suitable weight
percentages are envisioned in Figure 4.4(d).
Commonalities and differences between CoSb3-CFx and CoSb3-GFx:
In both the cases Carbon can be spotted in the XRD pattern and lattice parameters
decrease with rightward shift. The SEM image reveals robust and solid structure for both
the composites, but the dispersion of carbon elements is a little different. While carbon
fibres are found penetrated in the cross section, graphene are found homogeneously
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distributed. In terms of electrical properties, both the samples showed improved electrical
conductivity where CoSb3-CFx exhibited significant improvement of electrical
conductivity. While reduction of seebeck is observed in the CoSb3-CFx composites with
increasing electrical conductivity, CoSb3-GFx (especially x=0.35) seems to be invariable
with the increment of electrical conductivity. In addition, CoSb3-GF0.35 exhibited the
lowest thermal conductivity among other composites which, eventually, results in better
power factor, of which, CoSb3-CFx did not obtained. Interestingly, none of the
composites have been manipulated using filler atom or rattler engineering. Therefore, It
can be presumed that both CoSb3-CFx and CoSb3-GFx are prospective thermoelectrical
material.

4.5 Conclusion
In conclusion, I have demonstrated a new approach to the fabrication of a p-type CoSb3
based framework with graphene flake incorporated into it by the spark plasma sintering
method. The thermoelectric properties were investigated and compared between different
samples of the CoSb3-GFx series, where small amount of graphene flake addition (x =
0.35) led to enhanced electrical and thermal properties, resulting in enhanced power factor
as well as improved zT over bare CoSb3. In addition, this improved figure of merit of
CoSb3-GF0.35 was achieved by graphene flake doping that only left the unit cell and the
voids untouched, whereas it is well established that zT can be improved by inserting rattler
into skutterudites. Overall, CoSb3-GFx composites are promising thermoelectric
materials in terms of producing better power with improved zT, as well as leaving room
for further exploration using rattler atom engineering.
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5

Chapter five

The effect on graphene oxide addition on structures, electric and thermoelectric
properties of CoSb3 fabricated by spark plasma sintering method.

5.1 Motivation for this work
Different types of carbon have been previously tried out in a CoSb3 matrix. In this work,
graphene oxide has been doped into CoSb3 where oxygen is present with carbon. In a
previous effort Feng1 conducted experiment on solvothermally synthesized (modified
Hummers’ method) CoSb3-graphene powder where he focused on improving figure of
merit. For the preparation of CoSb3/Graphene nanocomposite, 48 mg of graphene oxide
and Co2+ and Sb3+ went through solvothermal process that was conducted at 563 K for 12
hours where graphene oxide was reduced to graphene by NaBH4 as well as Co2+ & Sb3+
were reduced to metallic Co & Sb. In another effort Zhong2 demonstrated a facile and
effective thermal decomposition method to extract high quality graphene from graphene
oxide at 573 K in 5 minutes. But only graphene oxide has been used in this work which
has never been tried out before that will give me an insight of the effect of oxygen with
carbon in the CoSb3 matrix. The oxidation of graphite in protonated solvents leads to
graphite oxides, which consists of several stacked layers of graphene oxide. Graphene
oxide has a similar hexagonal carbon structure like graphene, but graphene oxide contains
hydroxyl (-OH), alkoxy (C-O-C), carbonyl (C=O), carboxylic acid (-COOH) and other
oxygen based functional groups3. These oxygenated group has many advantages over
graphene in producing nanocomposite material but in the case of thermoelectric
performance while doped into thermoelectric material still needs to be known. Previously
it has been reported that metal-oxide based thermoelectric materials can be
substitutionally doped with La3+ and Nb5+ to escalate the metallicity from insulation4-6.
But it is still unknown about the effect of doping of oxygenated carbon into CoSb3. In the
previous chapter it has been observed that doping of carbon fibre escalates the electrical
conductivity significantly but worsens the thermal properties while graphene not only
increases the electrical conductivity but also decreases the thermal conductivity. This
work, therefore, will aim to find the impact of graphene oxide doping into CoSb3 matrix.
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5.2 Introduction:
Skutterudites have been receiving significant attention since 1990 as promising
thermoelectric materials because they have voids in their octahedral structure. These
voids can be filled with rattler atoms to reduce their acoustic phonon vibrations in the
lattice. In addition, insertion of atoms into the large interstitial site (F in FxCo4Sb12)7,
typically denoted as ‘fillers’, can disrupt the acoustic phonon frequencies in the acoustic
regime8-9. Apart from single fillers, multiple filler atoms with different filling fraction are
also incorporated, which has led to reduced thermal conductivity as well as increased
electrical conductivity. There is a range of choices for fillers, which include
electropositive alkaline-earth and rare earth metals10-15, and these fillers have a significant
impact on thermoelectric properties when they concentrate around interstitial sites. Also,
it has been reported that group IVB elements were doped into n-type CoSb3 with an
optimum fraction of In as a fourth filler, where the fillers, along with the influence of
microstructures, powder particles, crystallite size, and thermal stability, provided reduced
thermal conductivity16. These type of filled CoSb3 included those incorporated with
magnetic nanoparticles at a later stage to prepare a series of magnetic nanocomposite
thermoelectric materials, where significant suppression of the lattice thermal conductivity
was obtained by introducing paramagnetism17-18. In an another effort, porosity was
introduced into oxide material to lower the thermal conductivity using nanostructured
material4. While it is well established that the thermal conductivity can be reduced by
using filler atoms and introducing porosity, it is important to improve the thermoelectric
properties by leaving the octahedral voids inside skutterudites untouched. This could lead
to a prospective thermoelectric material that will have potential towards further
improvement if rattlers are incorporated inside it.
In this work, Enhanced electrical conductivity has been obtained and the CoSb3
framework has been optimized with suitable weight percentage doping of graphene oxide
to find the highest electrical conductivity profile. There is no published work in the
literature that reports such improvement of electrical conductivity by incorporating
graphene oxide into p-type CoSb3 using this fabrication method so far. As for the name
conventions, graphene oxide is denoted as GOs and when GO is incorporated into the
CoSb3 framework in different quantities, the nomenclature follows the pattern CoSb3GOx throughout this work, where x is the weight fraction. The electrical conductivity
profiles for two different proportions of GO inclusion have been demonstrated in this
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work. GO addition in the p-type CoSb3 based skutterudite facilitated the free movement
of numerous carriers across the framework, leading to the attainment of an enhanced
electrical conductivity profile over the temperature range from 300 K to 700 K.

5.3 Experimental methods:
Preparation of graphene oxide doped CoSb3
CoSb3 powder and different weight percentages of graphene oxide was finely ground, and
highly dense bulk samples were prepared by spark plasma sintering (SPS; Thermal
Technology SPS model 10-4) for 10 minutes at 500 K with 50 MPa pressure in vacuum.
The bulk sample was 20 mm in diameter and 1.5 mm in thickness. It was were shaped
into rectangular bars and circular discs by using a cutting machine (Struers Accutom-50)
for electronic transport measurements. Graphene oxide doped CoSb3 samples are denoted
by different weight percentages of graphene oxide doped into them (x = 0.35 and 0.75),
which are commonly referred to as CoSb3-GOx throughout this chapter.
Sample Characterisation
Powder X-ray diffraction (XRD) patterns for bare p-type CoSb3 and graphene oxide
incorporated CoSb3 with different weight percentages are presented in the Figure 5.1(a).
The XRD data match the International Centre for Diffraction Data (ICDD)
Crystallography Open Database (COD) entry no. 9015514. The results were obtained by
using a GBC MMA (λ = 1.5418 Å) automated powder diffractometer with Cu Kα
radiation. The XRD data for CoSb3 and CoSb3-GOx were refined using the diffraction
data over a 2θ range from 20° to 80°. The surface morphology and microstructure were
observed and studied using field emission scanning electron microscopy (FE-SEM, JEOL
7500). The energy dispersive X-ray spectroscopy (EDS) spectra were acquired with the
same acquisition time, the same e-beam size. and the same microscopic conditions as
used for obtaining the SEM images. The electrical conductivity, Seebeck coefficient, and
power factor were measured using an Ozawa RZ2001i from room temperature to 700 K
under vacuum. Thermal diffusivity was measured using a LINSEIS LFA 1000 under
vacuum conditions, and the specific heat capacity was measured using a DSC-204F1
under argon atmosphere.
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5.4 Results and Discussion:
Structural and morphology characterizations:

Figure 5.1 (a) X-ray diffraction patterns of bare CoSb3 and CoSb3-GOx (x = 0, 0.35 and
0.75) (b) no peak shift is observed. Note that the peak marked as a star is from pure
carbon.
The powder X-ray diffraction (XRD) patterns (Figure 5.1) of samples with the nominal
composition of CoSb3-GOx (x = 0, 0.35, and 0.75), where x is the doping fraction of
graphene oxide in CoSb3, indicate that all the major peaks are from the polycrystalline
skutterudite structure of CoSb3. The XRD patterns also contain a small peak for the doped
samples at 30°, which is identified as a peak from carbon19-20. Apart from this, no
additional peaks are present, strongly suggesting that the samples are composites of
CoSb3 and carbon without any additional phase. It is interesting to note that the magnified
(310) diffraction peaks in Figure 5.1(b) clearly demonstrate that there is no shift in the
Bragg angle (between 31° to 32°). Therefore, it is evident that the structure of the lattice
of pure CoSb3 has not been distorted. SEM and EDS results need to be reviewed before
providing possible reasons of why no shift has been observed.
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Figure 5.2 FE-SEM images of surface morphology and cross-sectional morphology of
CoSb3 polycrystalline samples with nominal composition of CoSb3-GOx; (a, c) x = 0.35
and (b, d) x = 0.75. Irregular areas outlined in red in (c, d) are a few out of the many
manifestations of the graphene oxides distribution throughout the CoSb3-GOx matrix,
which is clearly evident due to the colour contrast between CoSb3 powder and graphene
oxide. Graphene can also be seen in the surface morphology in (a, b).
Figure 5.2 shows the scanning electron microscopy (SEM) images of the both polished
sample surface morphology and the cross-sectional morphology for the CoSb3
polycrystalline samples with graphene flake addition (Figure 5.2(a-d)). When the
graphene oxide concentration increases from x = 0.35 to 0.75, manifestation of graphene
oxide can be spotted clearly across the surface (Figure 5.2(a-b)). Also, the SEM images
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reveal that the final microstructures are distinctively surrounded by graphene oxide,
which is densified as well as dispersed in that region. Therefore, the graphene oxide
population in the CoSb3 matrix reveals that it is the possible reason for the improved
electrical conductivity will be investigated further in a later discussion. All the samples
are found to be densely aggregated, with no porosity and a robust rock-like structure. The
dark holes are, however, due to the consequences of irregular fractures and do not
represent porosity, which is intentionally represented in Figure 5.2(a-b). The grain size is
about 15 µm to 3 µm or less in other samples, which is due to the prolonged high
temperature and pressure. Graphene oxide was also found to be inserted into the structure,
as is shown in the irregular areas outlined in red across all the images.
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Figure 5.3 EDS local energy spectrum 1 in figure (a) and local energy spectrum 2 in figure
(c), cross-sectional morphology of CoSb3-GO0.75 at two different places in figure (b, d)
as in inset. Both figure (b) and figure (d) confirm the presence of carbon and oxygen.
Energy dispersive spectroscopy (EDS) was performed on the CoSb3-GO0.75 sample at
two different places, as is shown in Figure 5.3(a, c) to confirm the authenticity of the
SEM image. A spectrum in Figure 5.3(c) shows a high peak at around 0.4 keV, which
denotes the presence of carbon at high intensity, as the spectrum was collected from a
place where the carbon fibres were enormous, and the other spectrum in Figure 5.3(a) is
found to have a very low amount of carbon at the same energy level, because the spectrum
was taken from a less carbon-populated area. The SEM image, therefore, provides an
actual visual concept of the morphology of the CoSb3-GOx based framework.
In addition, the EDS spectra shows that the main elements on the surface of CoSb3 were
cobalt, antimony, and oxygen, and their peaks are well separated from each other. In
spectrum 1, the strongest signal is found at around 3.8 keV for Sb, with the second and
third peak after 4 keV. At around 7 keV and 7.8 keV, two signals are found for Co.
Oxygen is found at around 0.5 keV. Signals for Sb, Co, and O are also found at the same
energy levels in spectrum 2, but due to its low signal to noise ratio, peak intensities are
found to be smaller. This spectral analysis, however, indicates that the surface of the
CoSb3-GOx based composites are mainly composed of cobalt and antimony. As noted,
however, the carbon has a highest peak when the EDS local signal was collected from a
carbon populated area in the CoSb3 grains whereas a low carbon signal is observed when
it was directed at a less carbon populated area.
In both cases, oxygen and carbon peaks can be detected, which suggests that carbon and
oxygen may go into the CoSb3 lattice, but no peak shift occurs in the XRD patterns unlike
the previous two experiments (CoSb3-CFx and CoSb3-GFx). From EDS observation, it
can be presumed that GO seems to have decomposed and releases oxygen. The
decomposition of GO seems to happen by the time when the experimental temperature of
this work reaches its peak of 750K and it can be confirmed from the previous discussion
where GO decomposition happens at around 573 K by both solvothermal1 and facile2
process. So, it can be acknowledged that the peak shifts have been counter balanced back
to its origin owing to the shift produced by oxygen that travels to the opposite direction,
so that the whole shift movement seems unchanged.
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Electrical properties:

Figure 5.4 Temperature dependence of the electrical properties of CoSb3GOx (x = 0, 0.35
and 0.75) composite: (a) electrical conductivity, (b) Seebeck coefficient, (c) power
factor.
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In Figure 5.4(a), Electrical conductivity vs. temperature is shown for CoSb3 samples
doped with different amounts of graphene oxide. As more and more GO is added more
and more into CoSb3, the electrical conductivity increases in this p-type semiconductor.
The trends depicted for CoSb3-GO0.35 and other composites of GO doped CoSb3 are
somewhat different over the range of temperature from 300 K to 700 K. While smooth
inclination is observed for bare CoSb3 and CoSb3-GO0.75 from room temperature to 700
K, a gentle drop for CoSb3-GO0.35 can be seen after 400 K, and it is continued until 700
K. This fact entails an important assumption – CoSb3-GO0.75 and bare CoSb3 behave as
semiconductors while CoSb3-GO0.35 acts as a degenerate semiconductor or shows metallike behaviour at high temperature.
For the bare CoSb3, however, the electrical conductivity rose from 271 S·cm-1 at 330 K
to 355 S·cm-1 at 700 K, but the highest value (for CoSb3-GO0.35) reached around 552
S·cm-1 at 400 K. Therefore, more than a 93% increase in electrical conductivity was
achieved at 400 K as the doping level of GO increased to x = 0.35.
Enhancement of electrical conductivity in GO doped CoSb3 is generally accompanied by
a reduction in the Seebeck coefficient. In Figure 5.4(b) the temperature dependence of
the Seebeck coefficient is presented for the CoSb3-GOx series with bare CoSb3. First and
foremost, while reduction of the Seebeck coefficient was observed for x = 0.35 compared
to bare CoSb3, a minimal change was observed for x = 0.75. Here, the consequences of
electrical conductivity enhancement were manifested in the Seebeck characteristic for x
= 0.35, e.g., the Seebeck coefficient was found to be 96 µV·K-1 for CoSb3-GO0.35 at 700
K as compared to 163 µV·K-1 at 700 K for bare CoSb3, indicating about a 41% reduction
from bare CoSb3. The p-type conduction of the samples can be confirmed from the
positive Seebeck coefficient.
The power factor (PF) of a material is represented as PF = S2σ, which has been presented
in Figure 5.4(c) as a function of temperature for the CoSb3-GOx composites with bare
CoSb3. The highest value of S2σ = 1.19 × 10-3 W·m-1K-2 at 550 K has been found for our
plasma sintered bulk CoSb3 as compared to 9.08 × 10-4 W·m-1K-2 at same temperature
which was found for CoSb3-GO0.35, indicating a power factor reduction of around 23%
at that point. The highest characteristic curve for the power factor was found for bare
CoSb3 followed by CoSb3-GO0.75, and the lowest for CoSb3-GO0.35, which was
expected from its reduced Seebeck characteristic.
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Thermal properties:

Figure 5.5 Temperature dependence of the thermal properties of CoSb3GOx (x = 0, 0.35.
and 0.75) composites: (a) total thermal conductivity, (b) electronic thermal conductivity,
and (c) phonon thermal conductivity.
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Total thermal conductivity for the GO doped CoSb3 samples is presented in Figure 5.5(a)
as a function of temperature. The thermal conductivity (κ) is the sum of the electronic
thermal conductivity (κe) and the phonon thermal conductivity (κph). κe relates to heat
transferred through carriers, and κph deals with phonon vibrations in the crystal lattice and
transfer of heat as waves. The CoSb3-GO0.35 samples shows that the electrical thermal
conductivity vs. temperature curve (κe) rises in Figure 5.5(b) as the doping level is
increased, although x = 0.75 closely follows bare CoSb3. This indicates that the increased
number of carriers are supplying more thermal energy to the lattice when x = 0.35 and
relatively less thermal energy when x= 0.75. Increased carrier concentration and mobility
might occur that possibly contributed to the enhanced ke profile for x=0.35. This
speculation has strong base because CoSb3-CFx (chapter three) showed enhanced carrier
concentration and mobility for x=0.35 between other candidates of its kind (Figure 3.11).
As expected, CoSb3-GO0.35 (Figure 5.5(c)) showed lower κph than bare CoSb3 to a minor
and less distinguishable extent. So, this confirms that κ is less impacted by κe because κph
contributes more.
Commonalities and differences between CoSb3-CFx, CoSb3-GFx and CoSb3-GOx:
The commonalities and differences between CoSb3-CFx, CoSb3-GFx and CoSb3-GOx is
given below in Table 5.1 that will help us to quick review all the important obtainment of
the works presented in this literature so far. In addition, it also will assist in setting up the
vision of what can possibly be yielded in the future to achieve enhancement of
thermoelectric performance. The changes in parameters in the table have been referenced
while comparing with bare CoSb3.
Composites →

CoSb3-CFx

CoSb3-GFx

CoSb3-GOx

Bragg’s angle

Right shift

Right shift

No shift / Balanced

Lattice constants

Decreases

Decreases

No change

Optimum weight

x=0.35

x=0.35

x=0.35

Parameters ↓

percentage
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Electrical

Increases significantly

Increases

Increases

Seebeck

Decreases

Fairly unchanged

Decreases

Power factor

Deteriorates

Deteriorates

Deteriorates

Thermal

Increases

Slightly

Increases

Conductivity

conductivity

decreases

Table 5.1 Comparison between CoSb3-CFx, CoSb3-GFx and CoSb3-GOx.

5.5 Conclusion
In summary, I have demonstrated a new approach to the fabrication of a p-type CoSb3
based framework with graphene oxide has been incorporated into it by spark plasma
sintering method. The thermoelectric properties were investigated and compared between
different samples of the CoSb3-GOx series where a small amount of graphene oxide
addition (x = 0.35) brought enhanced electrical conductivity that was ~93% improved
over that of bare CoSb3. In addition, this improved electrical conductivity of CoSb3GO0.35 was achieved by graphene oxide doping only, which left the unit cell and the
voids untouched, whereas inserting rattlers into skutterudites is a well-established method
to improve overall thermoelectric properties. Overall, from the electrical standpoint
CoSb3-GOx composites are outstanding in terms of electrical conductivity and promising
as thermoelectric materials because they leave room for further exploration using rattler
atom engineering. Also, further investigation can be done to find out what other scenarios
play role for both carbon and oxygen in regard to peak shifting.
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6

Chapter six
Conclusion

Carbon is everywhere around us and carbon engineering in thermoelectric materials has
many prospects, because the carbon atom is a lightweight atom, with high thermopower,
distinctive phonon conditions, mechanically flexibility, a unique valence electron
configuration, and high conductivity. My thesis has reported systemic carbon
incorporation into the skutterudite based CoSb3 architecture, where I have demonstrated
the effects of different type of carbon doping towards facilitating outstanding
thermoelectric and electrical properties.

In this work, firstly, a new approach has been demonstrated for the fabrication of a p-type
CoSb3 based framework with carbon fibre (CF) incorporated into it. The thermoelectric
properties were investigated and compared between different samples of the CoSb3-CFx
series, where a small amount of carbon fibre addition (x = 0.35) brought outstanding
electrical conductivity that is more than 3 times higher than bare CoSb3. In addition, the
figure of merit of highly conductive CoSb3-CF0.35 was improved by carbon fibre doping
alone.

Secondly, I have demonstrated an improved figure of merit with increased electrical
conductivity for the p-type CoSb3 based framework where graphene flake (GF) was
doped into it. The thermoelectric properties were investigated and compared between
different samples of the CoSb3-GFx series where a small amount of graphene flake
addition (x = 0.35) brought enhanced electrical and thermal properties along with a zT
improved over that of bare CoSb3. In addition, this improved figure of merit of CoSb3GF0.35 was achieved by graphene flake doping alone.
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Finally, graphene oxide (GO) was incorporated into CoSb3 matrix, and again, a small
amount of graphene oxide addition (x = 0.35) brought enhanced electrical conductivity
that was improved by about 93% over that of bare CoSb3. In addition, this improved
electrical conductivity of CoSb3-GO0.35 was achieved by graphene oxide doping alone.

Overall, all the carbon engineering was conducted by means of doping alone, which left
the unit cell and the voids untouched, whereas it is well established that the power factor
and figure of merit can be improved by inserting rattlers into skutterudites. Therefore,
from the electrical standpoint, the CoSb3-CFx and CoSb3-GOx composites are
outstanding in terms of electrical conductivity and promising as thermoelectric materials,
because they leave room for further exploration using rattler atom engineering.
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